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ABSTRACT 

P a r t  I of t h i s  r e p o r t  on t h e  LASA Phase I1 t h i r d  q u a r t e r l y  development 
c o n t r a c t  covers  t h e  engineer ing,  technology, and manufacturing accom- 
plishments dur ing  t h e  r e p o r t i n g  per iod  from March 1, 1968, through 
May 31, 1968. It summarizes the mechanisms test a c t i v i t y ,  f a b r i c a t i o n  
progress  and problems wi th  the  Main Subpanel 1, and t h e  progress  made 
i n  GSE development. 
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1,O INTRODUCTION AND SUMMARY 

This  Large-Area So la r  Array Phase I1 t h i r d  q u a r t e r l y  development r e p o r t  
is  a c o n t r a c t u a l  requirement under JPL Contract  951934. It is  d iv ided  
i n t o  two p a r t s  under one cover and has  one document number. P a r t  I 
desc r ibes  t h e  LASA Phase I1 t h i r d  q u a r t e r l y  a c t i v i t y ,  and P a r t  I1 
summarizes t h e  t e c h n i c a l  ana lyses  of la rge-area  s o l a r  a r r a y s  t h a t  have 
r e s u l t e d  s i n c e  t h e  beginning of Phase I i n  September 1966. The t i m e  
per iod  covered by P a r t  I of t h i s  r e p o r t  is  from February 29 through 
May 31, 1968. 

The document format has  been designed t o  ease the  readers  t a s k  of 
e x t r a c t i n g  d a t a  t o  t h e  degree ( o r  level of d e t a i l )  he needs f o r  e f f ec -  
tive eva lua t ion .  This  document can be  read a t  t h r e e  d i s t i n c t  levels 
of d e t a i l .  

1 )  P a r t  I desc r ibes  b r i e f l y  the  document's conten t  and r e p o r t s  t h e  
s t a t u s  of t h e  program. 

2) For more t e c h n i c a l  d e t a i l ,  t h e  p ropos i t i on  s ta tements  (typed i n  
s c r i p t )  w i t h i n  t h e  s e c t i o n s  can be  read. 

3) I f  more d e t a i l  is des i r ed ,  it i s  a v a i l a b l e  throughout t h e  
document i n  the  i n d i v i d u a l  s e c t i o n s ,  

P a r t  I of t h i s  r e p o r t  has  been l i m i t e d  t o  only t h e  s i g n i f i c a n t  
achievements of t h e  t h i r d  q u a r t e r  s o  t h a t  a 'more d e t a i l e d  t echn ica l  
d e s c r i p t i o n  of t h e  program t o  d a t e  could be presented  ( P a r t  11). 
Therefore ,  P a r t  I c o n s i s t s  of only two sec t ions :  

1 )  Sec t ion  1.0,  " In t roduct ion  and Summary"; 

2) Sec t ion  2.0, "Summary of Phase 11 Third-Quarter A c t i v i t i e s  .'I 

1.1 PHASE I1 OBJECTIVES 

Phcrne 11 objeckiv~n m e  being m a  crn ptunned, except doh nchedde 
hEV, ih iOvln  hQnu&Lng @om dumuged p u ~ &  in din& crnnembly. 

The Phase I1 ob jec t ives  are: (1) mechanisms development, (2) p a r t i a l  
f a b r i c a t i o n  and s t r u c t u r a l  v e r i f i c a t i o n ,  and (3 )  p a r t i a l  development of 
t h e  deployment and v e r i f i c a t i o n  equipment, Mechanisms development tests 
were completed on schedule;  however, a l l  test ob jec t ives  w e r e  no t  m e t  
and some r e t e s t i n g  w i l l  be  required.  
(major test ar t ic le ,  MTA-1) i s  95% complete. However, damage t o  some 
i n t e r c o s t a l b o n d s  must be  r epa i r ed  be fo re  the  test a r t i c l e  can be used 
t o  support  a rev ised  test  schedule.  
deployment and v e r i f i c a t i o n  equipment w a s  completed during t h i s  q u a r t e r ,  
3 months ahead of schedule;  permission has  been granted t o  extend some 
of t h i s  e f f o r t  during Phase 11, This  e f f o r t  w a s  o r i g i n a l l y  planned as 
Phase I11 work. 

Fabr i ca t ion  of Main Subpanel 1 

Phase I1 development of t h e  

1 
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1.2  FOURTH-QUARTER PLANNING 

During t h e  next  q u a r t e r ,  MTA-1 w i l l  be  reworked and f i n a l  assembly 
completed, i t  w i l l  be  checked o u t ,  and de l ive red  f o r  t e s t i n g .  V ib ra t ion  
t e s t i n g  w i l l  be  conducted and test r e p o r t s  completed. 
r e t e s t i n g  w i l l  be  accomplished and r e p o r t s  w r i t t e n .  
(CCN a c t i v i t y )  f o r  power degrada t ion  and v i b r a t i o n  w i l l  be  run on t h e  16- 
square-foot  pane l ,  f a b r i c a t e d  dur ing  Phase I. The a d d i t i o n a l  work planned 
f o r  t h e  deployment and v e r i f i c a t i o n  equipment w i l l  be  completed, and 
f i n a l  documentation and r epor t ing  w i l l  be  completed and submit ted t o  JPL 
during t h e  f o u r t h  q u a r t e r .  

Mechanisms 
Addi t iona l  tests 

? 
i 

2 
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2.0 SUMMARY OF PHASE I1 THIRD-QUARTER ACTIVITIES 

This s e c t i o n  summarizes t h e  activit ies of t h e  LASA organ iza t ion  i n  
performing t h e  t a s k s  r equ i r ed  by t h e  Phase I1 c o n t r a c t  during t h e  3-month 
per iod beginning March 1 and ending May 31, 1968. The purpose is t o  g ive  
a concise  summary of t h e  s t a t u s  of t h e  work accomplished. The f u n c t i o n a l  
areas of engineer ing,  manufacturing, and t e s t i n g  are repor ted  by t a s k ,  
w i th  i t e m s  of p a r t i c u l a r  i n t e r e s t  emphasized. Prel iminary test r e s u l t s  
are a l s o  repor ted .  

2 .1  MECHANISMS COMPONENT DESIGN, FABRICATION, ANI) TEST---TASK 2 
4 

T u f i n g  Mliee be campXeAed by JURY 7 ,  7968, inc9uding he , - taX  ad fiedawn 
h d W e  mechanhw . 
The test articles w e r e  s e l e c t e d  from t h e  so la r -panel  tiedown, release, 
and deployment systems. Figures  2-1 and 2-2 show t h e  l o c a t i o n  of t h e  
components \ t e s t e d .  F igure  2-1 shows t h e  m a i n  components t e s t e d  i n  t h e  
SCM-1 and SCM-2 tests. Each of t h e  fou r  s o l a r  pane ls ,  making up t h e  
s o l a r  a r r a y ,  are made of f i v e  u n i t s ,  numbered 1 through 5, from t h e  space- 
c r a f t  outboard. 
Units  2 through 5 have one main subpanel and two a u x i l i a r y  subpanels.  
There are 13 subpanels f o r  each so lar -panel  assembly. The main h inge  
assembly and l a t c h i n g  mechanism, t h e  a u x i l i a r y  hinge,  damper and l a t c h i n g  
mechanism, and t h e  quadrant  assembly i l l u s t r a t e d  show t h e  l o c a t i o n  f o r  
one of each assembly. The tiedown and release-system components t e s t e d  
are shown i n  F igure  2-2. The c a b l e  tiedown a t  S t a t i o n  10.5 is t y p i c a l  
of t h e  tiedown a t  four  of t h e  s i x  s t a t i o n s  w i t h  c i r cumfe ren t i a l  ties. 
The tiedown system a t  S t a t i o n  170, t h e  top  of t h e  pane l  assembly, and 
a t  S t a t i o n  124, t h e  top  of Subpanel 5, a l s o  ties t h e  four  solar-panel  
assemblies  t o  each o ther .  These t ies and t h e  t r a i n  f o r  r e l e a s i n g  a l l  
c i r cumfe ren t i a l  ties w i l l  be  t e s t e d  i n  Phase 111. The tiedown system 
at  t h e  c e n t e r  s p a r  c o n s i s t s  of a clamp assembly used a t  f i ve  of t h e  s i x  
s t a t i o n s .  
releases t h e  so la r -panel  s t a c k  s imultaneously wi th  t h e  a c t u a t i o n  of t h e  
deployment system. The Components s e l e c t e d  and scheduled f o r  test pro- 
v i d e  d a t a  t h a t  w i l l  be  u s e f u l  i n  Phase 111 t e s t i n g .  

Unit  1 has only  one main subpanel  and no a u x i l i a r i e s .  

The tiedown release a t  S t a t i o n  124 is  a cab le  cu t te r ,  and 

During t h i s  q u a r t e r ,  a l l  of t h e  scheduled tests f o r  t h e  mechanism compo- 
nents  w e r e  completed. A summary of test r e s u l t s  is given i n  Table 2-1. 
Details of t h e  problems and r e s u l t s  are d e t a i l e d  i n  subsequent paragraphs.  
The deployment tests on t h e  s imulated main subpanel (SCM-1) w e r e  satis- 
f a c t o r i l y  completed i n  a n  a i r  and vacuum environment. The deployment 
motor performs a t  -63OF, wi th  more than  expected consis tency i n  cab le  
rate. The deployment tests on t h e  a u x i l i a r y  subpanels (SCM-2) w e r e  com- 
p l e t ed  i n  t h e  a i r  and vacuum environment. The damper operated a t  a t e m -  
p e r a t u r e  of -llO°F, which w a s  b e t t e r  than expected. Deployment ra te  w a s  
low b u t  acceptable .  
S t a t i o n  10.5 w e r e  performed s a t i s f a c t o r i l y ;  however, t h e  e f f e c t  of a 

The release tests on t h e  cab le  tiedown system a t  

3 
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Figu re 2-1: DEPLOYMENT MECHANISMS TESTS 
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I E D O W N  . 

(TYPICAL) 

Figure 2-2: TIEDOWN AND RELEASE SYSTEM 
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i 
/ 

d i f f e r e n t i a l  i n  release timing w a s  no t  determined. R e t e s t  w i l l  be  run  
i n  June 1968 t o  o b t a i n  t h i s  information when new squ ibs  are a v a i l a b l e .  
The test  on t h e  center-tie release system produced usab le  d a t a  on t h e  
Nomex c a b l e ,  b u t  f u r t h e r  development of t h e  clamp assembly and r igg ing  
loads  w i l l  b e  continued during June. 

Problems i d e n t i f i e d  i n  t h e  design,  f a b r i c a t i o n ,  and t e s t i n g  of t h e  
mechanism components w e r e  minor, and w e r e  solved be fo re  t e s t i n g  w a s  
s t a r t e d  i n  most cases. 
considered t h e  most s i g n i f i c a n t .  

The fol lowing problems and t h e i r  s o l u t i o n s  are 

H i n g e  Alignment---The s imulated main- and auxi l ia ry-panel  hinges w e r e  
both s e n s i t i v e  t o  h inge  alignment.  
qua te  i n  alignment of h inges ,  and both  tests requi red  rework of t h e  h inge  
bracke ts  t o  o b t a i n  s a t i s f a c t o r y  alignment be fo re  t e s t i n g .  Better a l ign-  
ment methods and a d d i t i o n a l  i n s t r u c t i o n s  w i l l  b e  r equ i r ed  f o r  f u t u r e  
p a r t s .  

The a u s t e r e  too l ing  used w a s  inade- 

Overcenter Latching Interference---The overcenter  l a t c h  l i n k s  i n t e r f e r e d  
with t h e  l a r g e  b racke t  a t t a c h  b o l t  heads. 
f o r  t h i s  problem. Countersink t h e  b o l t  head, change t h e  l i n k ,  o r  use  
more l i n k s  on t h e  o u t s i d e  of t h e  bracke t .  
of t h e  b racke t  w a s  s e l e c t e d  as t h e  b e s t  method, and t h e  l a t c h e s  w e r e  
changed be fo re  t e s t i n g .  
when excess material w a s  l e f t  on t h e  l i n k  t o  a l low f o r  adjustment.  The 
excess material w a s  removed a f t e r  t h e  p a r t  w a s  loca ted .  The o r i g i n a l  
des ign  provided f o r  t h e  dead cen te r  of t h e  l inkage  t o  f a l l  about 22 de- 
grees  from t h e  subpanel ,  and w a s  intended t o  ensure  p o s i t i v e  l a t ch ing .  
The l o c a t i o n  of t h e  dead c e n t e r ,  22 degrees from p a r a l l e l  t o  t h e  sub- 
pane l ,  a l lows a n  o v e r t r a v e l  of t h e  subpanel and r e s u l t s  i n  a top  dead- 
c e n t e r  cond i t ion  when t ens ion  remains i n  t h e  cab le ,  
b e  co r rec t ed  on f u t u r e  p a r t s  by drawing changes and by improving t h e  
f a b r i c a t i o n  method used t o  l o c a t e  h inge  and l ink-p in  loca t ions .  

Three s o l u t i o n s  w e r e  a v a i l a b l e  

Moving t h e  l i n k s  on t h e  o u t s i d e  

Another i n t e r f e r e n c e  i n  t h e  l a t c h i n g  occurred 

These problems w i l l  

Overcenter Latch ing  Springs---The sp r ings  used t o  hold t h e  main subpanel 
l a t c h i n g  l i n k s  on o r  beyond dead c e n t e r  w e r e  no t  s t r o n g  enough t o  over- 
come t h e  f r i c t i o n  fo rces  and deployment torque. 
i n  t e s t i n g  of t h e  l i n k s  no t  l a t c h i n g  because t h e  l i n k s  d id  no t  move 
beyond dead cen te r .  
s t ronge r  sp r ings  t o  provide more apparent  motion i n  l a t ch ing .  

Deployment-Cable Spring Rate---The so lar -panel  deployment cab le s ,  during 
manufacturing and mechanism-testing opera t ions  (Task 4 ) ,  became bent  a t  
s p o t s  where they passed over small-diameter pu l leys .  
provided a low, v a r i a b l e  sp r ing  rate a t  the  beginning of t e s t i n g .  
t o  r e p l a c e  t h e  two deployment cab le s  on t h e  a r r a y  w i t h  a f l a t  t a p e  is 
being inves t iga t ed .  
behind Subpanel 1 t o  r e t a i n  ope ra t iona l  redundancy. 
reduce t h e  weight of t h e  system. 

This  gave t h e  appearance 

Future  l a t c h i n g  mechanisms w i l l  be  equipped wi th  

These bent  areas 
A p lan  

The t ape  would be s p l i c e d  t o  the  cables  a t  a po in t  
This p l an  may a l s o  

Cost r educ t ion  i n  f a b r i c a t i n g  mechanism components w a s  a r e s u l t  of t h e  
experience gained dur ing  f a b r i c a t i o n  and t e s t i n g  of t h e  mechanism test 
ar t ic le .  The fol lowing changes are t h e  most s i g n i f i c a n t .  

7 
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Deployment Quadrant-Assembly Revision---The des ign  of t h e  quadrant 
a t tachment  t o  t h e  subpanel  w i l l  be  r ev i sed  t o  a l low t h e  t i t an ium p a r t s  
t o  be  p r e d r i l l e d ,  and t h e  quadrant  d r i l l e d  t o  match assembly i n s t a l l a t i o n .  
This  w i l l  e l i m i n a t e  t h e  n e c e s s i t y  of d r i l l i n g  t i t an ium on i n s t a l l a t i o n  
and a l s o  make i t  easier t o  l o c a t e  t h e  quadrant.  

Replace Bolts and Nuts with Pins and Retaining Rings---Changing b o l t s  
and nu t s  t o  p i n s  and r e t a i n i n g  r i n g s  w i l l  i nc rease  c l ea rance  i n  many 
p laces ,  reduce t h e  weight,  and f a c i l i t a t e  assembly of t h e  mechanisms. 

The s t a t u s  of mechanism t e s t i n g  on t h e  mechanism component tests is  
shown i n  F igure  2-3. A l l  of t h e  o r i g i n a l l y  scheduled tests w e r e  com- 
p l e t e d  w i t h  t h e  fol lowing r e s u l t s .  

Main-Subpane 1 Dep Zoyment i n  A i r  (SCM-1) ---Tests w e r e  completed on 
March 26, 1968. A l l  mechanisms opera ted  s a t i s f a c t o r i l y .  The hinge 
f r i c t i o n  w a s  low, both f r e e  and de f l ec t ed .  Hinge misalignment produces 
t h e  major f r i c t i o n  fo rces .  
inadequate.  

The overcenter  l a t c h  s p r i n g  appeared 

Auxiliary-Subpanel Deploymant i n  A i r  (SCM-2)---These tests w e r e  completed 
on March 25, 1968, w i th  t h e  fol lowing r e s u l t s :  

1) Auxi l ia ry  h inge  l a t c h e s  could no t  b e  opened a f t e r  l a t c h i n g  by 
applying manual f o r c e  t o  t h e  panels ;  

2) F r i c t i o n  fo rces  f o r  t h e  d e f l e c t e d  panel  s imula t ing  d e f l e c t i o n  due 
t o  100°F thermal g rad ien t  between su r faces  w i l l  f a l l  w i t h i n  t h e  
allowed deployment fo rces ;  

3) The undef lec ted  cond i t ion  f r i c t i o n  f o r c e  w a s  a maximum of 1.1 
inch-pounds. 

Vaeuwn Tes t  of Main- and A d l i a r y - S u b p a n e l  Dep Zoyment (SCM-1 and 
SCM-2)---The r e s u l t s  of t h e  vacuum tests w e r e  considered except ional .  
The motor deploying t h e  main panels  opera ted  a t  -63OF and a cab le  rate 
above 2 inches/minute.  
o r  lower. 
There w a s  no evidence of co ld  welding. 
obtained be fo re  test, and a l l  t e s t i n g  w a s  performed a t  pressures  below 
1 x 10-8 t o r r .  The a u x i l i a r y  subpanels deployed a t  temperatures below 
-100'F. 
45 degrees i n  9 minutes f o r  Panel  2A and 20 minutes f o r  Panel  2B. The 
f i n a l  deployment rate be fo re  t h e  h e a t e r s  w e r e  turned on w a s  approximately 
3 degrees i n  20 minutes f o r  Panel  2A and 15 degrees  i n  20 minutes f o r  
Panel  2B. 
turned on t h e  pane ls  took 18 t o  23 minutes. A l l  test ob jec t ives  w e r e  
m e t  s a t i s f a c t o r i l y .  

Both dampers operated a t  temperatures of -100°F 

Pressures  of 6 x 
F igure  2-4 provides  a h i s t o r y  of t h e  environment during test. 

t o r r  w e r e  

The rate of deployment of t h e  a u x i l i a r y  subpanels w a s  i n i t i a l l y  

The last 35 degrees  of deployment a f t e r  t h e  h e a t e r s  w e r e  

T iedmn Release Tes t  (SCM-30-2)---The r e s u l t s  of t h i s  test proved 
s a t i s f a c t o r y  f o r  simultaneous release. An o b j e c t i v e  of t h e  test w a s  
t o  determine t h e  e f f e c t  of nonsimultaneous release, This  e f f e c t  w a s  
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no t  obtained when t h e  squ ib ,  which w a s  set f o r  a 0.1-second f i r i n g  de lay ,  
r e l eased  almost s imultaneously wi th  t h e  f i r s t  squib.  Retest is  scheduled 
f o r  June  25, 1968, when new squibs  are a v a i l a b l e .  

Center-Tie Release T e s t  (SCM-30-3)---The tests conducted on t h e  Nomex 
c a b l e  and c e n t e r - t i e  clamp assembly w e r e  conducted i n  March 1968. 
t e n s i l e  c h a r a c t e r i s t i c  of t h e  Nomex c a b l e  w a s  determined, and t h e  
adjusting-screw torque  versus  load-carrying c a p a b i l i t y  w a s  determined 
f o r  d i f f e r e n t  c a b l e  conf igura t ions .  
obtained us ing  polyurethane-coated clamp j a w s  and a polyurethane rod 
i n s e r t e d  w i t h i n  t h e  hollow cab le  near  t h e  clamp j a w s .  
t i o n  w a s  determined f o r  t h e  s e l e c t e d  c a b l e  clamp arrangement. The r e s u l t s  
showed t h e  cab le  s t r e n g t h  t o  be  marginal  f o r  t h e  1,090-pound requi red  load 
a t  S t a t i o n  10.5; however, i t  is  s a t i s f a c t o r y  f o r  a l l  o t h e r  tiedown loca- 
t i o n s ,  Development of t h e  clamp assembly and de termina t ion  of t h e  r igg ing  
loads are planned f o r  completion i n  June 1968. 
being f a b r i c a t e d  f o r  t h e s e  la ter  tests. 

The 

B e s t  clamping performance w a s  

The load re laxa-  

A wedge-clamp design is  

2.2 FABRICATION AND TEST OF MTA-1 AND TEST FIXTURES---TASK 3 

The MTA-1 dabhication and abe.mbRy baiztuh wdn impmved ko w,iXkn 13 dayh 
ad Ahe o h i g i n d  manudac;tuking ncheduRe when dcunaged intehcob;tae boncb 
eaued a d a y  in pa t t t  compleAion. 

Major T e s t  Ar t ic le  1 (MTA-1) i s  Subpanel 1. A photo of t h e  test ar t ic le  
i n  f i n a l  bond i s  shown i n  F igure  2-5. This  i s  a bery l l ium subpanel 
s t r u c t u r e ,  about 8 by 13 f e e t  long. It i s  made of a dark-side frame 
assembly cons i s t ing  of t h e  c r o s s  brace ;  edge members; outboard s p a r ;  
c e n t e r  spa r  and i n t e r c o s t a l s ;  and suns ide  assembly cons i s t ing  of t h e  
outboard s p a r s ,  c e n t e r  s p a r ,  upper- and lower-edge members, and t h e  
la teral  s p a r ,  These two frames are bonded toge the r  wi th  a f i b e r g l a s s  
s u b s t r a t e  upon which t h e  s o l a r  cel ls  are mounted. 

A s  of June 1, 1968, t h e  Subpanel 1 s t r u c t u r e  assembly is complete, except  
f o r  damaged i n t e r c o s t a l  bonds. 
The Task 7 manufacturing e f f o r t ,  which inc ludes  c e l l  i n s t a l l a t i o n  and 
bus-bar i n s t a l l a t i o n ,  w i l l  be  completed; and t h e  MTA-1 w i l l  be  ready 
f o r  d e l i v e r y  t o  t h e  test area f o r  ins t rumenta t ion  10 days a f t e r  r e p a i r s  
t o  t h e  s t r u c t u r e  are completed. The r e p a i r  t i m e  w i l l  be  e s t ab l i shed  as 
soon as removal of damaged i t e m s  is  complete. The de lay ,  up t o  f i n a l  
s t r u c t u r a l  bond, has  been caused pr imar i ly  by de lays  i n  t h e  d e t a i l  fab- 
r i c a t i o n  of bery l l ium p a r t s  and by increased  s e t u p  t i m e  f o r  frame bonding. 
Seve ra l  days w e r e  l o s t  when t h e  e t ch ,  c lean ,  and prime-process-validation 
coupons f a i l e d  a t  approximately 50% of s p e c i f i e d  bond-shear va lues .  
c leaning  and priming of t h e  p a r t s  a f f e c t e d  w a s  requi red .  
i ng  problems are t h e  r e s u l t  of movement of p a r t s  during t h e  bonding cyc le .  
E i t h e r  pneumatic o r  s p r i n g  p res su re  must be  used t o  apply uniform bond 
pressure .  
y e t  i t  is necessary t o  dev i se  l o c a t o r s  t h a t  apply no s i d e  loads dur ing  
t h e  bond cycle .  

Repair procedures are being developed. 

Re- 
Many of t h e  bond- 

Therefore ,  r i g i d  f i x i n g  of p re s su re  a p p l i c a t o r s  is  impossible;  

The t i m e  requi red  t o  rework and improve t h e  too l ing  f o r  

11 
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t h e  dark-s ide frame doubled t h e  a n t i c i p a t e d  bonding se tup  t i m e .  The 
f a i l u r e  of t h e  i n t e r c o s t a l  bonds dur ing  c u r e  is  being i n v e s t i g a t e d ,  and 
a p lan  f o r  r e p a i r  w i l l  b e  developed and implemented i n  t h e  next  qua r t e r .  

Patches w e r e  a l s o  r equ i r ed  f o r  t h r e e  bery l l ium cap s t r i p s  o r  shea r  webs 
damaged s l i g h t l y  dur ing  t h e  se tup .  One t i t an ium gusse t  f a i l e d  t o  clear 
t h e  t o o l  and w a s  ben t  by pressure .  This  r e s u l t e d  i n  p a r t i a l  bonding and 
r equ i r ed  hand-f i l ing and a p p l i c a t i o n  of a doubler.  Shear - t ie  p a r t s  and 
compression pads r equ i r ed  hand-f i l ing  t o  clear t h e  center-spar  tiedown 
cables .  
change. 

This  discrepancy w a s  t h e  r e s u l t  of m i s i n t e r p r e t a t i o n  of a drawing 

Although t h e s e  problems caused cons iderable  de lay ,  t h e  bonding opera t ions ,  
up t o  f i n a l  s t r u c t u r a l  bond, are considered s u c c e s s f u l  because of t he  s i z e  
of t h e  assembly and its complexity. 
t oo l ing  w i l l  be  made from Phase I1 experience.  However, t h e  bonding 
ope ra t ion  w i l l  cont inue  t o  r e q u i r e  c a r e f u l  and competent t echn ic i ans  t o  
produce t h e  necessary bond q u a l i t y .  

S u b s t a n t i a l  improvement i n  Phase I11 

The s i x  s o l a r - c e l l  submodules (7  by 58 s t r i n g s )  are assembled, ready f o r  
i n s t a l l a t i o n ,  and t h e  dummy-cell submodules ( 7  by 29 s t r i n g s )  are mounted 
on t a p e  backing, ready f o r  i n s t a l l a t i o n .  The copper and aluminum bus 
ba r s  are f a b r i c a t e d ,  and w i l l  b e  bonded a f t e r  t h e  s o l a r  cells  are in-  
s t a l l e d .  The i n s t a l l a t i o n  of diodes and in t e rconnec t ion  of l i ve  modules 
are planned f o r  accomplishment concurren t ly  wi th  panel- instrumentat ion 
test. 
i n s t a l l a t i o n .  The panel  assembly and t h e  test equipment w i l l  b e  ready 
f o r  ins t rumenta t ion  i n  J u l y  1968. 

The MTA-1 test  equipment has  been f a b r i c a t e d  and is  ready f o r  

The test  p l a n  w a s  submit ted t o  JPL by Memo 2-1101-94-2-482, dated 
A p r i l  30, 1968. 

2.3 DEPLOYMENT EQUIPMENT AND MTA-3 INSTALLATION AND TEST---TASK 4 

I n s t a l l a t i o n  and test of t h e  Phase I1 deployment equipment w a s  accomplished 
during t h i s  qua r t e r .  
uncompleted ac t iv i t ies  remaining i n  Task 4. 

Analysis  and r epor t ing  of tes t  r e s u l t s  are t h e  only 

2.3.1 DEPLOYMENT-EQUIPMENT INSTALLATION AND CHECKOUT 

I n s t a l l a t i o n  of t h e  deployment .equipment w a s  completed ahead of schedule.  
During subsequent c a l i b r a t i o n  and test ac t iv i t ies ,  some de lays  w e r e  expe- 
r ienced  due t o  minor equipment problems. 
t e r e d  are d iscussed  below. 

Examples of t h e  problems encoun- 
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Suspension Lines---The overhead l i n e s  t h a t  suppor t  MTA-3 continued t o  
c reep  under t h e  weight of t h e  subpanels .  Changing t h e  l i n e  from nylon 
t o  a music-wire and co i l - sp r ing  conf igu ra t ion  co r rec t ed  t h i s  condi t ion .  

Track Fairing---Maintaining f a i r i n g  between ad jacen t  t r a c k  s e c t i o n s  
remained a problem throughout t h i s  test period. Af t e r  i n i t i a l  f a i r i n g  
w a s  achieved, i t  w a s  necessary t o  check and smooth t h e  t r a c k  j o i n t s  w i th  
beeswax b e f o r e  each test run. 

Mechanism Interferenees---During deployment and l a t c h i n g  of t h e  MTA-3 
subpanels ,  several mechanism i n t e r f e r e n c e  problems were discovered.  The 
i n t e r f e r e n c e  of t h e  2-3 l a t c h  l i n k  wi th  t h e  4-5 hinge  p l a t e s  shown i n  
F igure  2-6 is an example. I n t e r f e r e n c e s  w e r e  co r rec t ed  by shop work- 
arounds t o  prevent  t e s t i n g  de lays ;  drawings w i l l  be updated t o  e l imina te  
i n t e r f e r e n c e  problem areas dur ing  Phase 111. 

Diagonal Strut---The d iagonal  s t r u t  f a i l e d  t o  lock  a t  t h e  end of t h e  f i r s t  
deployment swing because of i n c o r r e c t  p a r t s  ( s e e  F igure  2-6). 
cond i t ion  d i d  not  a f f e c t  t h e  t ime-his tory da t a ,  no a c t i o n  w a s  taken. 
S t r u t  p a r t s  w i l l  be  r ev i sed  f o r  Phase 111. 

As t h i s  

Dep Zoyment Cab le---The deployment c a b l e  developed kinks where i t  w a s  
rou ted  over r o l l e r s  ( s e e  F igure  2-6). 
s p r i n g  rate and changed t h e  shape of t h e  t ime-his tory curves. 
c a b l e  designs are being inves t iga t ed .  

Hinge-Pin Alignment---Poor hinge-pin alignment caused excess ive  f r i c t i o n  
and requi red  realignment of t h e  p ins  by o p t i c a l  means i n  t h e  test area. 
T igh te r  drawing to l e rances  and improved assembly t o o l i n g  w i l l  improve 
alignment i n  Phase 111. 

The kinks a f f e c t e d  t h e  cab le  
Alternate 

1 

2.3.2 TEST OPERATIONS 

The mechanisms and aerodynamic tests w e r e  conducted t o  o b t a i n  ope ra t iona l  
d a t a  on mechanisms f o r  des ign  a p p l i c a t i o n s ,  t o  provide d a t a  f o r  v e r i f y i n g  
t h e  MTA-3 deployment a n a l y s i s ,  and t o  determine aerodynamic e f f e c t s  on 
test r e s u l t s .  During t h e  tests, subpanel-hinge angle ,  deployment-cable 
t ens ion ,  motor-windup rate, motor c u r r e n t ,  and t h e  output  of t h e  s t r a i n  
gages on t h e  d iagonal  s t r u t ,  a l l  of which w e r e  recorded. 
v i s i c o r d e r  and "grocery" t ape  p r i n t o u t s ,  t h e  da t a  w a s  recorded on magnetic 
t a p e  f o r  f u t u r e  computer reduct ion  and ana lys i s .  

I n  a d d i t i o n  t o  

14 
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2.3.3 TEST RESULTS 

The Phase I1 deployment tests demonstrated t h a t  MTA-3 can be success fu l ly  
deployed under i t s  own power, w e l l  w i t h i n  t h e  capac i ty  of t h e  deployment 
motor. Deployment-cable t ens ion  never exceeded 8.5 pounds. The f r i c t i o n s  
encountered i n  t h e  deployment system and h inges  tended t o  smooth ou t  t h e  
t ime-his tory curves more than  a n t i c i p a t e d .  
ra te  changed from s o f t  t o  r e l a t i v e l y  s t i f f  dur ing  i n d i v i d u a l  subpanel  
swings, as t h e  deployment motor s t r e t c h e d  ou t  t h e  c a b l e  kinks.  Although 
t h e  deployment w a s  n o t  adverse ly  a f f e c t e d ,  t h e  v a r i a b l e  sp r ing  rate com- 
p l i c a t e s  t e s t -da t a  a n a l y s i s .  

The deployment-cable s p r i n g  

Performance of t h e  test equipment w a s  exce l l en t .  Hangup of t h e  a i r b e a r i n g  
f e e t  due t o  t rack-sec t ion  m i s f a i r i n g  w a s  t h e  only problem of consequence. 
However, hangups w e r e  prevented by checking t h e  t r a c k  f a i r i n g  be fo re  each 
test run. 

Aerodynamic tests w e r e  conducted wi th  p l a s t i c  membranes a t t ached  t o  t h e  
frames of MTA-3, as shown i n  F igure  2-7, t o  s imula t e  t h e  e f f e c t  of t h e  
MTA-4 s u b s t r a t e  and cells. The t ime-his tory curves obtained during these  
tests showed apprec iab le  damping because of aerodynamic e f f e c t s .  

i 
d 2.4 DESIGN AND FABRICATION OF GROUND SUPPORT EQUIPMENT---TASK 5 

F i n a l  des ign  of Phase I1 equipment and pre l iminary  des ign  of Phase 111 
equipment has  been completed, 
t h e  deployment demonstrat ion system w a s  success fu l ly  completed during t h e  
qua r t e r .  F i n a l  des ign  and f a b r i c a t i o n  of a d d i t i o n a l  deployment- 
demonstration equipment components w a s  i n i t i a t e d  i n  accordance wi th  
TDM 951934-4. This  e f f o r t ,  t o  be completed by J u l y  1, 1968, w a s  o r i g i -  
n a l l y  planned f o r  e a r l y  i n  Phase 111, is being f inanced wi th  Task 5 
underrun funds. 

A development test (SCG-4) of elements of 

2.4.1 SCG-4 TEST 

Phane 17 -tu& have ahown ;thctt &e ovwhead Rncreh, &age, and winch 
~ g d ~ m  wi2.t phovide au/itable deployme& deman&OzaLion. 

SCG-4 w a s  used t o  eva lua te  t h e  ope ra t ion  of t h e  demonstration equipment. 
The test se tup  ( see  F igure  2-8) .consis ted of a pro to type  t r a c k  s e c t i o n ,  
c a r r i a g e ,  and spreader  bar .  Power w a s  provided by a hand winch. The 
t r a c k  w a s  suspended from an overhead framework, l oca t ed  between t h e  s i d e s  
of t h e  deployment-fixture base  tower. 
l a te  an  MTA-3 subpanel u n i t .  

A plywood panel  w a s  used t o  simu- 
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Some f r i c t i o n  i n  t h e  c a r r i a g e  assembly w a s  noted. 
f r i c t i o n ,  causing t h e  subpanel  t o  deploy a t  a n  uneven rate, w a s  p a i n t  on 
t h e  t r a c k  su r faces .  These s u r f a c e s  w i l l  be l e f t  b a r e  on t h e  t r a c k  f a b r i -  
ca ted  i n  Phase 111. 

The major source  of 

Operat ion of t h e  carriage-tow and release systems w a s  s a t i s f a c t o r y .  
e f f e c t s  of t r a c k  d e f l e c t i o n  on the system w e r e  i n s i g n i f i c a n t .  

The 

2.4.2 DEPLOYMENT-DEMONSTRATION EQUIPMENT DESIGN 

TDM 951934-4 au thor ized  t h e  f i n a l  des ign  and f a b r i c a t i o n  of t h e  
deployment-demonstration equipment catwalk and l adde r ,  l igh tweight  
a u x i l i a r y  subpanel  and auxi l iary-subpanel  suspension system. 
components w i l l  be  assembled i n  p repa ra t ion  f o r  t e s t i n g  aux i l i a ry -  
subpanel deployment ( t o  b e  performed i n  Phase III), as shown i n  Fig- 
u r e  2-8. MTA-3 Subpanel Unit  4 w i l l  be  supported during test by t h e  
same overhead monorail  t r a c k ,  c a r r i a g e ,  and spreader-bar system as used 
i n  t h e  SCG-4 test. The a u x i l i a r y  subpanels w i l l  be  connected by cab le s  
t h a t  d rape  over  pu l l eys  on t h e  spreader  bars .  A l i g h t  counterweight 
added t o  t h e  down-swinging subpanel w i l l  provide t h e  deployment force .  
Helper s p r i n g s ,  l oca t ed  a t  t h e  a u x i l i a r y  h inges ,  w i l l  augment t h e  counter- 
weight f o r c e  and s u s t a i n  subpanel motion through dead-center po in ts .  

These 

The test w i l l  c o n s i s t  of r e p e t i t i v e  deployments of t h e  a u x i l i a r y  subpanels 
t o  v e r i f y  helper-spr ing opera t ion ,  t o  determine the  c o r r e c t  counterweight 
s i z e ,  and t o  observe t h e  gene ra l  behavior of t h e  deployment system. 

2.5 STATUS OF WORK---TASKS 7 AND 8 

Wonk wclcl a M e d  on MTA-7 ( T u k  7 )  ;to d&&e Rive c&, and SCS-43 
v i b h d o n  ;tank b&pn w e m  initiated bedohe CCN appaovd ka pnevevLt a 
pnogaum nRide, 

Drawing r e v i s i o n s  and new drawing releases d e l e t i n g  a l l  bu t  s i x  l i ve  
s o l a r - c e l l  modules and s u b s t i t u t i n g  s imulated cells and busses  have been 
completed. 
microsheet g l a s s  are ready f o r  f i n a l  assembly on MTA-1. 
cells w e r e  ordered be fo re  release of t h e  CCN t o  maintain t h e  manufac- 
t u r i n g  schedule.  
h ighes t  v i b r a t i o n  ampli tude is predic ted .  
nonoperative,  bu t  s t i f f n e s s  and m a s s  are t h e  s a m e  as e l e c t r i c a l l y  opera- 
t i v e  busses .  
r e l eased  and approved by JPL. 

The s ix  s o l a r - c e l l  modules and t h e  s imulated s o l a r  cells of 
The s imulated 

The s o l a r - c e l l  modules are loca ted  i n  areas where t h e  
The electrical  busses  are 

The SCS-43 v i b r a t i o n  test p l an  and procedures have been 
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The SCS-43 test ar t ic le  w a s  rece ived  from JPL and inspec ted  v i s u a l l y .  
One broken, s imulated ce l l  w a s  replaced.  S t r a i n  gages and accelerometers  
w e r e  i n s t a l l e d  on t h e  s u b s t r a t e  and s t r u c t u r e .  

The f i r s t  power-degradation test, A, w a s  made on SCS-43 wi th  t h e  X-200 
s o l a r  s imula tor .  
from t h e  V-I  curves.  

Some degrada t ion  is  shown by t h e  fol lowing va lues  taken 

Power-Degradation T e s t  3 (9-21-67) Power-Degradation T e s t  A (5-10-68) 

I = 1.69 amperes I = 1.62 amperes sc  sc 

= 31 v o l t s  voc = 30.8 v o l t s  voc 

The test f i x t u r e  wi th  s imple  suppor ts  f o r  Panel Vibra t ion  T e s t  2 w a s  
designed, and drawings w e r e  r e l eased  f o r  f a b r i c a t i o n .  

A Ling 249 Vibra tor  (30,000 pounds-force) w a s  i n s t a l l e d  i n  t h e  50,000- 
cubic-foot vacuum chamber. The Phase I test f i x t u r e  (rigid-clamp-type) 
w a s  i n s t a l l e d  on t h e  v i b r a t o r ,  and a checkout w a s  made i n  a i r  and 1 /20th  
atmosphere. S i n e  sweeps (15 t o  150 Hz) w e r e  made f o r  each condi t ion  t o  
t h e  maximum test  l e v e l  of 4.3 g ' s  peak. Vibra t ion  1 (ambient and 1/20th 
atmosphere) tests w e r e  r u n  on t h e  s e t u p  i l l u s t r a t e d  i n  F igure  2-9. 

The work t o  b e  accomplished during t h e  next  q u a r t e r  w i l l  inc lude  comple- 
t i o n  of Vibra t ion  T e s t  2, both ambient and i n  1 /20th  atmosphere, and 
Power-Degradation T e s t  B. T e s t  r e p o r t s  f o r  Tests 1 and 2 w i l l  be  re leased .  1 

2.6 QUALITY ASSURANCE STATUS AM) REPORTING 

Qual i ty  assurance support  of Task 3 processing peaked a t  approximately 
midquarter.  A t  t h i s  t i m e ,  some 700 manufacturing p lans  had been reviewed 
and approved. Qual i ty  Control  c e r t i f i c a t i o n  l a b o r a t o r i e s  completed 
5 more adhes ive  and primer ana lyses ,  b r ing ing  t h e  t o t a l  t o  16. 
t i o n  a t  t h e  beryl l ium-surface condi t ion ing  s u p p l i e r  a t  t h i s  t h i s  t i m e  
w a s  a l s o  a t  i ts  h ighes t .  
a c t i v i t y  p a r t i c i p a t e d  i n  receival of bery l l ium p a r t s  a t  t h e  s u p p l i e r ' s  
f a c i l i t y ;  p a r t i c i p a t e d  i n  processing;  and checked, c leaned,  and primed 
p a r t s  be fo re  r e tu rn ing  t h e  shipment t o  Boeing. Cont inual  te lephone com- 
munication between t h e  Boeing s u p p l i e r  r ep resen ta t ives  and Boeing Qual i ty  
Assurance w a s  maintained and provided expedi ted d i r e c t i o n ,  as required.  
SCS-43 w a s  received and inspec ted  a t  Boeing, upon r e t u r n  from JPL. N o  
a d d i t i o n a l  d i screpancies  (compared t o  Phase I de l ive red  p a r t  condi t ions)  
were apparent.  This  test art icle w a s  then  r e l eased  t o  test personnel.  

Produc- 

The Boeing Qual i ty  Control  r e p r e s e n t a t i v e  

Table 2-2 reveals t h a t  fewer MTA-1 p a r t s  were r e j e c t e d  during t h i s  q u a r t e r  
than  during t h e  previous qua r t e r .  ' i  by manufacturing and in spec t ion  personnel ,  The t a b u l a t i o n  a l s o  i n d i c a t e s  1 

This  is a t t r i b u t e d  t o  experience gained 

20 



D2-113355-6 

2 1  



D2-113355-6 

m u 
C 

ii 0 
W 

4- 
4- rn 

Jx 
n 

Z ?  
4- 
W 

-x 
n 

Cnm 
m *  co 

W 

0 

rn co 

M 
G 

.I4 o a  

P 
2 2  

M 
C 
.rl a 
C 
0 a 

22 



D2-113355-6 

t h a t  fewer engineer ing  d i s p o s i t i o n s  on d i s c r e p a n t  p a r t s  w e r e  encountered 
t h a t  w e r e  accep tab le  without  rework. Consequently, from t h e  feedback of 
in format ion  from t h e  shop discrepancy r e p o r t s ,  des ign  drawing and process  
changes w e r e  i n s t i g a t e d .  The e f f e c t  of t h i s  a c t i o n  r e s u l t e d  i n  t h e  more 
accep tab le  "spread" of engineer ing  d i s p o s i t i o n s  dur ing  t h i s  r e p o r t i n g  
period. A t  least 85% of engineer ing  drawing changes w e r e  intended t o  
c l a r i f y  f a b r i c a t i o n  and i n s p e c t i o n  requirements .  

On s e v e r a l  occasions,  normal pene t r an t  i n s p e c t i o n  of bery l l ium p a r t s  w a s  
followed wi th  eddy-current i n spec t ions  when a f law w a s  i nd ica t ed .  Eddy- 
c u r r e n t  i n s p e c t i o n  provided exac t  f law dimension and l o c a t i o n  d a t a ,  which 
w a s  eva lua ted  and used by engineer ing  t o  d i r e c t  t h e  d i s p o s i t i o n  of re- 
j e c t e d  p a r t s .  

2.7 MATERIEL SUBCONTRACT STATUS 

The last  shipment of bery l l ium processed a t  Chemical Energy Company (CEC) 
w a s  rece ived  on A p r i l  26, 1968. A t o t a l  of 900 p a r t s  w e r e  processed by 
CEC a t  a c o s t  of $41,261. 
estimate of 692 w a s  due t o  a d d i t i o n a l  backup material being processed, 
and t o  such miscel laneous d e t a i l  p a r t s  as shims, c l i p s ,  and angles  not  
included i n  t h e  o r i g i n a l  estimate. 

An i n c r e a s e  of 208 p a r t s  over t h e  o r i g i n a l  

CEC encountered a problem i n  maintaining t h e  product ion flow because of 
t h e  erratic and l a r g e  number of i n d i v i d u a l  shipments f o r  processing.  
S u f f i c i e n t  material w a s  no t  a v a i l a b l e  t o  main ta in  continuous process ing ,  
which requi red  s t a r t i n g  and s topping  s e v e r a l  t i m e s ,  thereby inc reas ing  
opera t ing  c o s t s .  
wi th  CEC. 

This problem had no a f f e c t  on t h e  p r i c e  negot ia ted  

Many p a r t s  w i th  d e f e c t s  w e r e  reworked several t i m e s  by CEC a t  no addi- 
t i o n a l  c o s t  t o  Boeing. One c e n t e r  s p l i c e  p l a t e  w a s  broken by CEC, and 
another  p a r t  developed a crack  dur ing  processing.  
t h e  bery l l ium w a s  borne by Boeing. 
t i m e  requi red  t o  m e e t  t h e  schedule  w e r e  absorbed by CEC. 

The c o s t  of r ep lac ing  
The a d d i t i o n a l  processing and over- 

The coopera t ion  of CEC i n  meeting Boeing requirements has been outstand- 
ing. A few of t h e  ope ra t ions ,  such as chem-milling, i n spec t ion ,  and 
t e s t i n g ,  are shown i n  F igure  2-10. 

Receipt  of t h e  q u a l i f i c a t i o n  and product ion u n i t s  completed the  motor 
and cab le  assembly procurement.. The q u a l i f i c a t i o n  test  r e p o r t  w a s  
rece ived  on May 20, 1968; t h e  r e l i a b i l i t y  d a t a  w a s  received on June 3 ,  
1968. 
pending receipt of an executed copy of t h e  instrument  of waiver f o r  t h e  
new technology c lause .  
United Shoe; when rece ived ,  i t  w i l l  be  mailed t o  JPL so  t h a t  t h e  change 
order  can be  re leased .  

Approval of Purchase Order Change 2 is being withheld by JPL 

A copy of t h i s  waiver has been requested from 
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Addi t iona l  t i t an ium shear - tee th  processing w a s  completed by Rose l le  Tool 
and D i e  Company i n  a 5-day turnaround t i m e .  
processed t h e  t o t a l  q u a n t i t y  of shea r  f i t t i n g s  f o r  a t o t a l  program savings  
of $6,900. 

Rose l l e  Tool and D i e  Company 

Materiel completed pre l iminary  indus t ry  surveys t o  o b t a i n  information on 
beryllium-forming and chem-milling c a p a b i l i t i e s .  Prel iminary estimates 
w e r e  rece ived  from So la r ,  North American, and Republic Aviat ion on form- 
ing. These estimates are being eva lua ted  f o r  Phase I11 backup planning. 
Addi t iona l  sources  f o r  chem-milling, c leaning ,  and priming bery l l ium are 
being i n v e s t i g a t e d  t o  reduce proposed beryll ium-processing c o s t s  i n  
Phase I11 by ob ta in ing  compet i t ive  bidding. 

The deployment s t r u c t u r e  w a s  t h e  only  major i t e m  purchased i n  Tasks 4 
and '5 ,  and w a s  completed on January 31, 1968. Miscellaneous p a r t s ,  
equipment, s t anda rds ,  and r a w  material w e r e  t h e  only i t e m s  purchased 
dur ing  t h i s  q u a r t e r ,  and d e l i v e r y  of t h e s e  i t e m s  supported program 
schedules .  

Materiel a c t i v i t y  i n  t h e  fou r th  q u a r t e r  w i l l  b e  devoted t o  obta in ing  
f i rm c o s t  proposals  on bery l l ium processing;  reviewing Phase I11 schedules  
and materials t o  suppor t  program-planning ac t iv i t ies ;  and reviewing t h e  
earned-value concept f o r  a p p l i c a t i o n  t o  t h e  Materiel organiza t ion  
activit ies.  
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This  r e p o r t  w a s  prepared as an  account of government-sponsored work. 

Nei ther  t he  United S t a t e s ,  nor  the  Nat iona l  Aeronautics and Space 

Adminis t ra t ion (NASA), nor  any person a c t i n g  on behalf  of NASA: 

a. Makes warranty o r  r ep resen ta t ion ,  expressed o r  implied,  wi th  
r e s p e c t  t o  the  accuracy,  completeness,  o r  usefu lness  of t h e  
information contained i n  t h i s  r e p o r t ,  o r  t h a t  t h e  use of any 
information,  appara tus ,  method, o r  process  d i sc losed  i n  t h i s  
r e p o r t  may no t  i n f r i n g e  p r i v a t e l y  owned r i g h t s ;  o r  

b .  Assumes any l i a b i l i t i e s  wi th  r e spec t  t o  t h e  use o f ,  o r  f o r  damages 
r e s u l t i n g  from t h e  use  of any information,  appara tus ,  method, o r  
process  d i sc losed  i n  t h i s  r e p o r t .  

A s  used above, "person a c t i n g  on behalf  of NASA" inc ludes  any employee 

o r  con t r ac to r  of NASA, o r  employee of such c o n t r a c t o r ,  t o  t h e  ex ten t  

t h a t  such employees o r  c o n t r a c t o r  of NASA, o r  employee of such con- 

t r a c t o r  prepares ,  disseminates ,  o r  provides  access t o  any information 

pursuant  t o  h i s  employment wi th  such con t r ac to r .  

Requests f o r  copies  of t h i s  r epor t  should be r e f e r r e d  to :  

Nat iona l  Aeronautics and Space Adminis t ra t ion 
Of f i ce  of S c i e n t i f i c  and Technical  Information 
Washington 25, D.C .  

At ten t ion :  AFSS-A 

This work w a s  performed f o r  t he  J e t  Propuls ion Laboratory,  Ca l i fo rn ia  

I n s t i t u t e  of Technology, sponsored by t h e  Nat ional  Aeronautics and 

Space Adminis t ra t ion under Contract  NAS7-100. 
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FOREWORD 

A review of t h e  t e c h n i c a l  a n a l y s i s  requi red  t o  develop t h e  conf igura t ion ,  
f a b r i c a t i o n ,  and t e s t i n g  of  t h e  Large Area S o l a r  Array is  presented  i n  
t h i s  s e c t i o n .  The f a c t o r s  a f f e c t i n g  t h e s e  i t e m s  include:  

0 E f f e c t s  of launching;  

0 Requirements of deployment; 

0 Behavior of t h e  deployed a r r ay ;  

0 Requirements of ground deployment and t e s t i n g ;  

0 E f f e c t  of f a b r i c a t i o n  problems on s t r u c t u r a l  conf igu ra t ion  
and e lec t r ica l  components. 

The o b j e c t i v e  of t h e  three-phase program i s  t o  develop the  technology f o r  
t he  design and f a b r i c a t i o n  of a s o l a r  a r r a y  having a s p e c i f i c  performance 
of 20 w a t t s  p e r  pound. 
t echn ica l  ana lyses  performed i n  Phases I and I1 suppor t  t h i s  ob jec t ive .  

It is  t h e  purpose of P a r t  I1 t o  show t h a t  t he  

The ana lyses  r e f l e c t  t h e  following: 

0 The dynamic response t o  and t h e  i n t e r n a l  loads  der ived  from 
t h e  boos t  environment; 

0 The dynamics of s o l a r  a r r a y  deployment on the  ground and i n  
space;  

0 The p r e d i c t i o n  of temperature d i s t r i b u t i o n  and t h e  e s t a b l i s h -  
ment of  appropr i a t e  thermal con t ro l ;  

0 S e l e c t i o n  of materials; 

0 P r e s t r e s s i n g  of  t h e  a r r ay ;  

0 Computing and ve r i fy ing  the  weight d i s t r i b u t i o n ;  

0 Analysis  of t h e  electrical performance; 

0 Problems of q u a l i t y  assurance;  

0 Analysis of  r e l i a b i l i t y  and product  assurance.  
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1 .O DESIGN CRITERIA  AND REQUIREMENTS 

1.1 JPL SPECIFICATION GMP-50505-FNC-B 

JPL SpeGi&ication GMP-50505-FNC-€3 u6;tabLthinhe.d f i e  pnimmy c o u W d  
on &e LASA d u i g n .  

It is  assumed t h a t  t h e  shroud is e j e c t e d  4 minutes af ter  engine i g n i t i o n  
and t h a t  Centaur burnout occurs  20 minutes a f t e r  engine i g n i t i o n .  During 
t h e  16-minute pe r iod  from shroud e j e c t i o n  t o  Centaur burnout,  t he  m a x i -  
mum dynamic loads  are assumed t o  occur  s imultaneously wi th  t h e  most 
adverse thermal  cond i t ion  of t h e  f i r s t  20 minutes.  

Figure 1-1 def ines  t h e  d i r e c t  Ear th  escape t r a j e c t o r y  p o r t i o n  of the  
mission and shows t h a t  t h e  a r r a y  deploys approximately 3 hours  a f t e r  
launch. 

Environments t h a t  s i g n i f i c a n t l y  a f f e c t  t h e  LASA primary s t r u c t u r e  dur ing  
t h e  stowed phase are: 

4 )  

5) 

Lateral s i n u s o i d a l  v i b r a t i o n  inpu t  app l i ed  a t  t h e  a f t  h inge- l ine  
i n t e r f a c e  wi th  t h e  s p a c e c r a f t  a t  levels shown below: 

Inpu t  ( g ' s )  Frequency (Hz) 

2 . 0  

1.5  

2Sf620 

206f6200 

The s i n e  sweep i s  a t  2 octaves p e r  minute. 

S teady-s ta te  a c c e l e r a t i o n s  are 13 g ' s  l o n g i t u d i n a l  combined wi th  
2 g ' s  lateral;  

The c r i t i ca l  thermal  condi t ion  i s  s o l a r  hea t ing  due t o  exposure of 
t h e  a r r a y  a f t e r  t he  shroud is  e j ec t ed .  
temperature of t h e  s o l a r  a r r a y  environment a t  shroud e j e c t i o n  is 
77°F (25OC); 

It is  assumed t h a t  t he  

The s ta t ic  pre load  environment is s u b s t r a t e  t ens ion  and s t a c k  
tiedown loads  t o  be determined by a n a l y s i s ;  

The design l i m i t  l oad  f a c t o r  i s  1.0 with a f i t t i n g  f a c t o r  of 1.15, 
whereas t h e  u l t i m a t e  load f a c t o r  is  1.25 app l i ed  t o  t h e  l i m i t  
des ign  load;  

The stowed a r r a y s  w i l l  wi thstand t h e  f l i g h t  acous t i c  environments 
during t h e  launch phase (Figure 1-2). 

1- 1 
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Criteria a f f e c t i n g  t h e  primary s t r u c t u r e  of LASA i n  t h e  deployed config- 
u r a t i o n  are: 

1) The s o l a r  a r r a y  w i l l  be  capable  of f u l l  deployment without  i n t e r -  
f e rence  between t h e  a r r a y  elements and between t h e  a r r a y  and t h e  
s p a c e c r a f t ;  

2 )  No s t r u c t u r a l  o r  electrical  degradat ion w i l l  occur  due t o  o r  during 
t h e  fol lowing condi t ions  : 

a )  The thermal g rad ien t s  t h a t  w i l l  develop between the  Sun and 
dark s i d e s  of t h e  a r r a y  due t o  s o l a r  i l l u m i n a t i o n  a t  140 
mw/cm2 i n t e n s i t y  , 

b) Trans i en t  thermal shock from -100 t o  +75"C a t  rates n o t  less 
than  30°C p e r  minute, 

c) A s t eady- s t a t e  a c c e l e r a t i o n  of 3 x d i r e c t e d  a t  45 degrees 
t o  t h e  p lane  of t h e  a r r ay .  This loading  s imula tes  t h a t  imposed 
by t h e  c r u i s e  engines ,  

d) Repeated d i s c r e t e  a p p l i c a t i o n s  t o  the  e n t i r e  a r r a y  of a square 
wave pu l se  wi th  du ra t ion  n o t  less than  13 seconds o r  more than  
5 minutes and maximum amplitude of 2 x 10-5 rad ians /sec2  p i t c h  
angle  a c c e l e r a t i o n s ;  

3) The first-mode resonant  frequency of t h e  e n t i r e  deployed a r r a y  w i l l  
be  g r e a t e r  than 0.04 cps t o  prevent  d e l e t e r i o u s  coupling wi th  t h e  
s p a c e c r a f t  a u t o p i l o t  system. 

1 . 2  ASSUMED DESIGN CONSTRAINTS 

1) An i n i t i a l  t ens ion  of 1 2  pounds pe r  inch  ( e f f e c t i v e )  is requi red  i n  
t h e  s u b s t r a t e  t o  keep t h e  n a t u r a l  frequency of t h e  s u b s t r a t e ,  
v i b r a t i n g  as a membrane, above 45 Hz. Also t h i s  tens ion  is  requi red  
t o  make t h e  s u b s t r a t e  pane ls  more e f f e c t i v e  i n  shea r  ( e spec ia l ly  
s t i f f e r )  and t o  keep t h e  panels  f l a t .  

2 )  A pre load  t ens ion  is  requi red  i n  t h e  tiedown cab le s  s u f f i c i e n t  t o  
prevent  s epa ra t ing  of t h e  pane ls ,  unlocking of l a t c h e s ,  and 
s lackening  of cab le s  and t o  keep compression on a l l  bear ing su r faces .  

3) It is  assumed t h a t  t h e  spacec ra f t  is r e l a t i v e l y  r i g i d  i n  the  plane 
of Subpanel 1 a t  t h e  i n t e r f a c e  of t he  main c e n t e r  hinge and the  
spacec ra f t  . 

1-4 
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4 )  Design requirements f o r  t h e  ground-testing and t r a n s p o r t a t i o n  
f i x t u r e s  are requi red  f o r  t he  p ro tec t ion  of t he  a r r ay  during test 
and t r anspor t a t ion  and t o  comply wi th  c e r t a i n  s a f e t y ,  bu i ld ing ,  
and f a c i l i t y  regulations.. 

5) To e s t a b l i s h  appropr i a t e  hinge loads ,  a u x i l i a r y  dampers c o n t r o l  t he  
c los ing  v e l o c i t i e s  of t h e  deploying sequences. 

6) It is  necessary t o  assume a con t ro l l ed  o r  known thermal environment 
i n  t h e  spacec ra f t  p r i o r  t o  shroud e j e c t i o n .  

7) No acous t i c  t es t  dura t ion  w a s  designated i n  Spec i f i ca t ion  GMP-50505- 
FNC-B; t he re fo re ,  2 minutes w a s  s e l ec t ed  as a reasonable t i m e  a t  
maximum l e v e l  

8) An assumption of s t r u c t u r a l  load t r a n s m i s s i b i l i t y  of Q = 15 w a s  
made f o r  design. 

i 
. I  
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2.0 EFFECT OF BOOST ENVIRONMENT ON DESIGN 

This s e c t i o n  d i scusses  t h e  a n a l y s i s  o f ' t h e  e f f e c t  of t h e  boos t  environment 
on the  stowed s o l a r  a r r a y .  
of t h e  s t r u c t u r a l  loads  and deformations produced by t h e  boost  environ- 
ment, a n a l y s i s  of t h e  temperature d i s t r i b u t i o n  and r e s u l t i n g  thermal- 
c o n t r o l  requirements ,  and t h e  a n a l y s i s  and des ign  of t h e  boost-tiedown 
and s h e a r - t i e  systems. 

The fol lowing s e c t i o n s  desc r ibe  t h e  a n a l y s i s  

2 . 1  DYNAMIC AND INTERNAL LOADS FOR STOWED CONFIGURATIONS 

2 .1 .1  MATHEMATICS OF STRUCTURAL ANALYSES 

The d i r e c t  s t i f f n e s s  method descr ibed  i n  Reference 3 ,  Sect ion  11.0 w a s  
used t o  w r i t e  t h e  b a s i c  load-def lec t ion  equation: 

K1l K12 I4 = [ K21 I 2 2 1  [:I+ [ ::] IAT) 
where : 

F = Loads app l i ed  t o  the  node p o i n t s  (given);  

R = React ions a t  t h e  boundaries  (unknown); 

u = Displacements of node po in t s  (unknown); 

c = Displacements of boundaries (given);  

T = Temperatures a t  t h e  node p o i n t s  (given);  

= S t i f f n e s s  c o e f f i c i e n t s ;  

= Thermal - res t ra in t  c o e f f i c i e n t s .  

Ki j  

Ai j 

So lu t ion  of t hese  equat ions  gives:  

2-1 
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The stresses are determined from the equation: 

{u} = [ S I  (4. 
The technique of determining the appropriate stress average is described 
in Reference 3 of Section 11.0. The stiffness coefficients of the 
structural elements are mutually independent; therefore, the stiffness 
matrix Ki Because 
of this, 4 can quickly be computed by a merging process. 
equations can be adjusted to changes in design without determination of 
unknowns. 

in the above equations can be derived by addition. 
Also, the 

COSMOS, the comprehensive digital computer program, developed by Boeing, 
was used extensively to solve the load deflection equations. This pro- 
gram enforces joint equilibrium, compatibility of deformations, and 
satisfaction of the boundary conditions. 

The dynamic response was analyzed by the calculation of a number of 
natural frequencies and mode shapes of each of several components and 
the formulation of modal analysis using Hurty's method described in 
Reference 2. 

The following matrix equation is solved to yield eigen-values (frequen- 
cies) and eigen-vectors (modal displacements): 

X{q} = [K]-'fM.l(q} yields {+I and Io) 

The matrix equation of motion for sinusoidal excitation is then solved: 

where 

+ = modal displacement; 

w = natural frequency; 

K = stiffness coefficient; 

q = generalized coordinate; 

M = mass; 

y = damping coefficient; 

w = excitation frequency; 

N = acceleration input in./sec2; 

t = time; 

- 

i 
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Y 

{bi} = [+ l{ql  = d e f l e c t i o n s ;  

2 tg1I = -[+I [o 1 {q} = a c c e l e r a t i o n s ;  

( l oads )  = [MI (8) = loads .  

The model used f o r  s t r u c t u r a l  ana lyses  c o n s i s t s  of an  aggregate  of a 
f i n i t e  number of d i s c r e t e  s t r u c t u r a l  elements and a f i n i t e  number of 
lumped masses, a l l  jo ined  t o  a f i n i t e  number of  nodes. 
model i s  a f i n i t e  number of concent ra ted  loads app l i ed  t o  t h e  j o i n t s .  

The appl ied  load 

Severa l  comprehensive dynamic and i n t e r n a l  loads  ana lyses  have been made 
of t h e  LASA stowed conf igura t ion .  
each stowed s o l a r  pane l  assembly as being made up of f i v e  s e p a r a t e  
s t r u c t u r e s  (Figure 2-1). 
type of motion; t h a t  i s ,  t h e  in-plane panels  moved i n  an in-plane 
d i r e c t i o n ,  and t h e  out-of-plane panels  moved i n  an  out-of-plane d i rec-  
t i o n  ( see  F igure  2-2a). 

The f i r s t  i d e a l i z a t i o n  considered 

Each panel  type  w a s  r e s t r i c t e d  t o  a s i n g l e  

A second pane l  assembly i d e a l i z a t i o n  w a s  developed t h a t  allowed both 
in-plane and out-of-plane motion s imultaneously ( see  Figure 2-2c). 

Only t h e  displacement method and the  a v a i l a b i l i t y  of appropr i a t e  d i g i t a l  
programs permi t ted  t h e  s t r u c t u r a l  ana lyses  a s s o c i a t e d  wi th  t h e  develop- 
ments descr ibed  above t o  be  completed i n  t h e  t i m e  covered. 

2.1.2 SUMMARY O F  LOADS ANALYSIS 

I n  t h e  f i r s t - a n a l y s i s ,  a l l  four  pane l  assemblies  of a LASA w e r e  consid- 
e red  t o  be coupled toge the r  i n  v i b r a t i o n .  
assembly w a s  r e s t r i c t e d  t o  a s i n g l e  type  of motion; t h a t  is, t h e  in-  
p lane  panels  moved i n  an in-plane d i r e c t i o n  and t h e  out-of-plane panels  
moved i n  a n  out-of-plane d i r e c t i o n  ( see  Figure 2-2a). The second panel  
assembly i d e a l i z a t i o n  t h a t  w a s  developed allowed both in-plane and out- 
of-plane motion s imultaneously.  The r e s u l t i n g  c r i t i ca l  n a t u r a l  modes 
w e r e  nea r ly  i d e n t i c a l  t o  those obtained by t h e  f i r s t  a n a l y s i s ,  and i t  i s  
concluded t h a t ,  i n  t h i s  case, t h e  predominance of a "single-type motion" 
makes i t  an accep tab le  assumption f o r  f i n a l  ana lys i s .  

However, each type  of pane l  

The s u b s t r a t e  w a s  analyzed as a 24-inch square component bounded by 
bery l l ium o u t e r  s p a r  members and y i e lded  a s u b s t r a t e  n a t u r a l  frequency 
of 48 Hz. When t h i s  a n a l y s i s  w a s  r e f ined  t o  cons ider  t h e  e f f e c t s  of 
i n t e r c o s t a l s  and a d d i t i o n a l  s u b s t r a t e  s e c t i o n s ,  t h e  s u b s t r a t e  n a t u r a l  
frequency dropped t o  approximately 36 Hz. Note t h a t  t h i s  frequency is  
f o r  t h e  s u b s t r a t e - i n t e r c o s t a l  s t r u c t u r e  loca t ed  between t h e  c e n t e r l i n e  
s p a r  and an  o u t e r  s p a r ,  between t h e  lateral  s p a r s  l oca t ed  a t  S t a t i o n s  
10.5 and 123.7, and t y p i c a l  of Subpanels 2 through 5 .  The s m a l l  
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component test SCS-43 w a s  t y p i c a l  of t h e  s u b s t r a t e  s t r u c t u r e  i n  Sub- 
pane l  2 above S t a t i o n  123.7 (48 inches  square) .  
f o r  SCS-43 w a s  41.9 Hz f o r  pinned ends t o  .45.0 Hz f o r  f i x e d  ends,  as 
compared wi th  measurements of 39 Hz of  0.20 g inpu t  t o  35 Hz a t  3.00 g 
inpu t .  

The p red ic t ed  frequency 

Figure  2-2 i l l u s t r a t e s  t h e  d i f f e r e n t  s u b s t r a t e  boundary condi t ions .  
Or ig ina l ly  t h e  frequency s e p a r a t i o n  between t h e  s u b s t r a t e  and t h e  a r r a y  
resonance w a s  s u f f i c i e n t  so  t h a t  t h e  s u b s t r a t e  w a s  considered r i g i d ;  
however, when t h e  s u b s t r a t e  frequency w a s  determined t o  be 36 Hz, more 
subs t ra te - to-panel  coupl ing occurred.  It w a s  found t h a t  t h i s  s h i f t  i n  
s u b s t r a t e  resonance: (1) d i d  no t  'change t h e  t o t a l  e x t e r n a l  load;  and 
(2) increased  t h e  maximum t o t a l  d e f l e c t i o n  a t  t h e  s u b s t r a t e  ( r e l a t i v e  
t o  d a t a  from 0.56 t o  1.16 inch  due to . l .5 -g  la teral  s i n u s o i d a l  v i b r a t i o n  
i n p u t ) .  This  d e f l e c t i o n  does n o t  r ep resen t  an i n t e r f e r e n c e  problem, as 
t h e  s t r u c t u r e  and s u b s t r a t e  are i n  phase; and t h e  LASA fundamental 
frequency w a s  lowered t o  21.5 Hz. On t h e  b a s i s  of t hese  r e s u l t s ,  i t  w a s  
necessary t o  inc lude  t h e  s u b s t r a t e  i n t e r a c t i o n  w i t h  t h e  primary s t r u c t u r e  
f o r  a f i n a l  a n a l y s i s .  

The shear  ties loca ted  along t h e  s p a r  caps'of each subpanel  are impor- 
t a n t  i n  de te rmina t ion  of t h e  t o t a l  out-of-plane bending s t i f f n e s s  and 
out-of-plane bending i n t e r n a l  load  pa ths  of a pane l  assembly. During 
t h e  f i r s t  q u a r t e r ,  t h e  pane l  assembly w a s  i d e a l i z e d  as f i v e  p l ana r  
frames r ep resen t ing  t h e  f i v e  subpanel  u n i t s .  
s t i f f n e s s e s  of t h e  s p a r s  w e r e  ca l cu la t ed  on t h e  b a s i s  t h a t  out-of-plane 
shea r  would b e  t r a n s f e r r e d  from one s p a r  t o  another  through a l l  shea r  
t ies;  however, f o r  s i m p l i c i t y  only t h e  o r i g i n a l  b a s e l i n e  shear  ties w e r e  
represented  i n  t h e  kodel ,  thus  a f f e c t i n g  t h e  d e t a i l e d  i n t e r n a l  load 
pa ths .  During t h e  second q u a r t e r ,  the out-of-plane bending charac te r -  
i s t ics  of t h e  o u t e r  s p a r s  and t h e  p r i n c i p a l  l a t e ra l  s p a r s  l oca t ed  a t  
S t a t i o n  123.7 w e r e  examined i n  d e t a i l .  I n  each case a l l  1 3  s p a r s  w e r e  
i d e a l i z e d  and a l l  shea r  ties represented  i n  t h e i r  a c t u a l  l oca t ions .  
F igure  2-2c shows schemat ica l ly  t h e  i d e a l i z a t i o n  d i f f e r e n c e s  f o r  an  
o u t e r  spa r .  
and second q u a r t e r s  l e a d  t o  s i g n i f i c a n t  d i f f e r e n c e s . i n  the  i n t e r n a l  
loads .  

- .  

The out-of-plane bending 

The d i f f e r e n t  shea r  t i e  i d e a l i z a t i o n s  used during t h e  f i r s t  

I n  t h e  t h i r d  q u a r t e r  of Phase I, t h e  f i n a l  dynamic a n a l y s i s  of t h e  a r r a y  
w a s  undertaken. The elements of t h e  conf igura t ion  t h a t  appear t o  be 
most cr i t ical  t o  t h e  s t r u c t u r a l  performance and, 'hence,  most important 
i n  s t r u c t u r a l  i d e a l i z a t i o n ,  w e r e  t h e  shear  ties and tiedown system. The 
previous a n a l y t i c a l  model u t i l i z e d  an  in-plane p lane1  and an out-of- 
p l ane  panel ,  which w e r e  coupled toge ther  us ing  Hurty 's  component mode 
technique.  The dynamic performance of t h e  tiedown system is  obscured 
by t h e  use of t h e  component mode technique. 
ance can b e s t  be expressed i n  a s i n g l e  model. 
of t h e  tiedown system, i t  w a s  decided t o  i d e a l i z e  t h e  s t r u c t u r e  by a 
model t h a t  could be generated i n  one COSMOS run, saving both calendar  
t i m e  and computer t i m e .  

V i s i b i l i t y  of such perform- 
Because of t h e  s i g n i f i c a n c e  
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To r ep resen t  t h e  s t r u c t u r e  f o r  purposes of  dynamic a n a l y s i s  i n  a s i n g l e  
COSMOS run, t h e  s t i f f n e s s  mat r ix  must be reduced t o  about 100 x 100. 
Because t h e  a r r a y  weight i s  q u i t e  uniformly d i s t r i b u t e d  over t h e  a r r a y ,  
t h e  nodes r e t a i n e d  i n  t h e  s t i f f n e s s  ma t r ix  must be  s i m i l a r l y  d i s t r i b u t e d .  
It  w a s  concluded from previous ana lyses  t h a t  t h e  response of t h e  sub- 
strate on t h e  out-of-plane panel  cannot be  ignored and must b e  consid- 
e red  i n  t h e  model. 
by modeling one in-plane pane l  by t h r e e  equ iva len t  subpanels  and two 
out-of-plane panels  (ha l f  pane l s ) ,  each by a s i n g l e  equ iva len t  frame, 
inc luding  t h e  out-of-lane s u b s t r a t e .  

The dec i s ion  w a s  made t o  i d e a l i z e  h a l f  of t h e  a r r a y  

Out-of-Plane Panel---The main elements of t h e  out-of-plane panel  requi re -  
ing  cau t ion  i n  i d e a l i z a t i o n  are t h e  shea r  t i e  e f f e c t s .  The tiedown 
system and shea r  ties cause a l l  s p a r s  t o  behave as deep beams i n  t h e  
out-of-plane d i r e c t i o n .  The shea r  t ies a t  t h e  ends of t h e  s p a r s  a l s o  
provide some end f i x i t y  t h a t  must be i d e a l i z e d .  
s e n t a t i o n  of t h e  la teral  s p a r ,  inc luding  shea r  t ies,  w a s  analyzed by t h e  
MIT STRESS computer program t o  eva lua te  t h e  e f f e c t  of t he  shea r  ties. 
These r e s u l t s  i n d i c a t e  t h a t  each s p a r  of t h i s  13-spar s t a c k  c a r r i e d  
about t h e  same bending moment, whereas o n l y . t h e  o u t e r  s p a r s  (Panels 1 and 
5A) had s i g n i f i c a n t  a x i a l  load.  
w a s  i d e a l i z e d  by a beam i n  which t h e  moment of i n e r t i a  w a s  t h e  sum of t h e  
moments of i n e r t i a  of each panel ,  t he  shea r  area w a s  t h e  sum of t h e  shear  
areas of each pane l  s p a r ,  and t h e  c ross -sec t iona l  area w a s  t h e  area of 
Panel  1. A second element w a s  composed of a member t h a t  c a r r i e d  axial 
load only;  i t s  cross-sec t ion  area w a s  t h a t  of t h e  Panel  5A spa r .  This 
member w a s  supported by s t i f f  beams a t t ached  t o  t h e  f i r s t  beam a t  t h e  
shea r - t i e  l o c a t i o n s  t h a t  s imula t e  t h e  end f i x i t y  condi t ions .  This 
i d e a l i z a t i o n  is shown i n  Figure 2-3. 

A two-dimensional repre- 

Using t h i s  information,  t h e  s p a r  s t a c k  

This  r e s u l t s  from t h i s  i d e a l i z a t i o n  compared very  w e l l  wi th  t h e  MIT 
STRESS program r e s u l t s .  Each s p a r  w a s  s imulated l ikewise .  I n  a d d i t i o n  
t o  providing a good i d e a l i z a t i o n  of t h e  s p a r s ,  t h e  s imula t ion  proper ly  
loca t ed  t h e  tiedown system attachments.  

/Panel 5A I = O  

1 

Figure 2-3: P A N E L  I D E A L I Z E D  STRUCTURE 
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The i n t e r c o s t a l  p r o p e r t i e s  w e r e  i d e a l i z e d  as t h e  sum of t h e  p r o p e r t i e s  
of t he  i n d i v i d u a l  i n t e r c o s t a l s ,  The s u b s t r a t e s  i n  each 24- by 24-inch 
s e c t i o n  w e r e  assumed t o  act  toge the r ;  t h a t  is ,  a l l  1 3  s u b s t r a t e s  i n  each 
s e c t i o n  w e r e  represented  by a m a s s  supported by two beams i n  a cruciform 
p a t t e r n  connected t o  t h e  a r r a y  s p a r s  and i n t e r c o s t a l s .  The s t i f f n e s s  
of t hese  beams w a s  ad jus t ed  t o  y i e l d  t h e  n a t u r a l  frequency of  t h e  sub- 
strate determined from a membrane a n a l y s i s .  It must be  recognized t h a t  
r ep resen t ing  t h e  s t r u c t u r e  and s u b s t r a t e  t h i s  way assumes t h a t  a l l  of 
t h e  s t r u c t u r e  remains i n  phase and t h a t  ad jacen t  s p a r s  and s u b s t r a t e  do 
no t  move i n  r e l a t i o n  t o  each o the r .  
because t h e  tiedown system c o n s t r a i n s  t h e  s p a r s  t o  move toge the r ,  and 
t h e  t o t a l  loads  i n  t h e  s t r u c t u r e  and peak d e f l e c t i o n s  would be reduced 
i f  t h e  s u b s t r a t e  and i n t e r c o s t a l s  w e r e  ou t  of phase. This  assumption 
r e s u l t s  i n  peak d e f l e c t i o n s  and loads.  

This is  a reasonable  assumption 

In-PZane PaneZ---Three subpanels were used t o  i d e a l i z e  t h e  in-plane panel  
of t he  stowed a r r a y .  The p r i n c i p a l  reason f o r  us ing  t h r e e  panels  w a s  t o  
inc lude  t h e  e f f e c t s  of t h e  assembly center-of-gravi ty  o f f s e t  from 
Panel  1. The f i r s t  subpanel  w a s  composed of Subpanel Uni t s  1 and 2 ,  t h e  
second of Uni t s  3 and 4, and t h e  t h i r d ,  Un i t  5. The s e c t i o n  p r o p e r t i e s  
of t he  i d e a l i z e d  s t r u c t u r e  w e r e  taken as t h e  sum of t h e  p r o p e r t i e s  of 
t h e  i n d i v i d u a l  pane l  elements.  The d iagonal  s u b s t r a t e  w a s  i d e a l i z e d  as 
an equiva len t  bery l l ium shee t .  Shear ties w e r e  placed a t  S t a t i o n s  10.5 
and 123.7. 
t h e  d iagonal  brace ,  which c o n t r i b u t e s  most of t h e  s t i f f n e s s  and is  t h e  
primary load pa th .  

The p r i n c i p a l  s t r u c t u r a l  element of t h e  in-plane panel  is 

The tiedown system i s  e a s i l y  i d e a l i z e d  by elements capable  of t ak ing  
a x i a l  loads only.  
tiedown system. 

The i d e a l i z e d  panels  accommodated t h e  geometry of t he  
F igure  2-4 i s  a schematic of t h e  i d e a l i z e d  a r r ay .  

Af t e r  t h e  dynamic a n a l y s i s  of t h e  stowed a r r a y ,  an a n a l y s i s  w a s  per- 
formed t o  ensure  t h a t  unsymmetric loading and e x c i t a t i o n  i n  d i r e c t i o n s  
o t h e r  than  those  normal t o  t h e  pane ls  would no t  impose a d d i t i o n a l  design 
condi t ions  and c o n s t r a i n t s .  A s i m p l i f i e d  model of t he  t o t a l  a r r a y  w a s  
developed, neg lec t ing  the  out-of-plane panel ,  and t h e  r e s u l t s  i nd ica t ed  
t h a t  t h i s  method of i d e a l i z i n g  the  s p a r s  is  s a t i s f a c t o r y  f o r  in-plane as 
w e l l  as out-of-plane panel  motion. For t h i s  reason,  t h i s  appears t o  be 
t h e  most a t t r a c t i v e  methcd of bu i ld ing  t h e  dummy panels  f o r  MTA-4. 

Figures  2-5 and 2-6 show t h e  p e r t i n e n t  r e s u l t s  of t h e  dynamic a n a l y s i s  
f o r  a 1.5-g l a t e ra l  s i n u s o i d a l  v i b r a t i o n  inpu t  and an  assumed t rans-  
m i s s i b i l i t y  (Q) of 15. The peak s t r u c t u r a l  d e f l e c t i o n  of 0.62 inch  
occurs  a t  t h e  c e n t e r  s p a r  between S t a t i o n s  55.5 and 100.2. The maximum 
r e l a t i v e  d e f l e c t i o n  between t h e  s u b s t r a t e  and i t s  adjo in ing  s t r u c t u r e  
i s  0.5 inch.  Because t h e  a r r a y  s t r u c t u r e  extends 0.75 inch  beyond t h e  
s u b s t r a t e ,  no i n t e r f e r e n c e  e f f e c t s  w i l l  be  caused by s u b s t r a t e  v i b r a t i o n .  
Table 2-1 compares t h e  s t a t i c  envelope wi th  t h e  dynamic d e f l e c t i o n s  a t  
va r ious  p o i n t s  i n  the  a r ray .  Although t h e r e  are no o v e r a l l  i n t e r f e r e n c e  
problems wi th  t h e  spacec ra f t  envelope, i t  is  ind ica t ed  a n a l y t i c a l l y  t h a t  
t h e r e  are a few l o c a l  i n t e r f e r e n c e s  a t  d iagonal  s t r u t  and tiedown f i t t i n g s .  
It w a s  s t a t e d  i n  Boeing Document D2-113355-2 t h a t ,  because t h e  spacec ra f t  
is no t  f u l l y  def ined a t  t h i s  t i m e ,  i t  is  assumed t h a t  l o c a l  i n t e r f e r e n c e s  
w i l l  be  e l imina ted  when spacec ra f t  d e t a i l s  are known. 
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Table 2-1: LASA TO SPACECRAFT NET CLEARANCES 

LASA Dynamic N e t  Clear- 

Clearance t i o n  I n t e r f e r e n c e  
S t a t i c  Def lec- ance o r  

Location of Clearance Clearance ( inches)* (inches)** ( inches)  

S t a t i o n s  10 t o  40 
Tiedown f i t t i n g  a t  
s t a t i o n  10.5 t o  
s p a c e c r a f t  
Diagonal s t r u t  f i t t i n g  
a t  s t a t i o n  27.3 t o  
s p a c e c r a f t  
Diagonal s t r u t  t o  
s p a c e c r a f t  
LASA frame t o  s p a c e c r a f t  

S t a t i o n s  40 t o  87 
Diagonal s t r u t  t o  
s p a c e c r a f t  
LASA frame t o  s p a c e c r a f t  

S t a t i o n s  87 t o  125 

e 

Tiedown f i t t i n g  a t  
s t a t i o n  100.2 t o  
s p a c e c r a f t  
Diagonal s t r u t  f i t t i n g  
a t  s t a t i o n  119.20 t o  
s p a c e c r a f t  
Diagonal s t r u t  t o  
s p a c e c r a f t  
LASA frame t o  s p a c e c r a f t  
Tiedown f i t t i n g  a t  
s t a t i o n  123.7 t o  
s p a c e c r a f t  

S t a t i o n s  125 t o  151 
e LASA frame t o  s p a c e c r a f t  

Tiedown f i t t i n g  a t  
s t a t i o n  147.5 t o  
s p a c e c r a f t  
Overcenter lock  a t  
s t a t i o n  150.2 t o  
s p a c e c r a f t  

t 
s t a t i o n  169.9 t o  
s p a c e c r a f t  

e LASA frame t o  s p a c e c r a f t  

*Includes s t a c k  to le rance  

Local 

Local 

General 

Genera 1 

General 

General 

Local 

Local 

General  

Genera 1 
Local 

General 
Local 

Local 

Local 

General 

buildup 

0.1 

0.40 

0.84 

1.85 

0.84 

1.85 

0.1 

0.40 

0.84 

1.85 
0.10 

1.85 
0.10 

1.33 

0.10 

1.85 

**Based on lateral  s i n e  v i b r a t i o n  input  of 1 .5  g ' s  
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0.06 

0.30 

0.55 

0.55 

0.62 

0.62 

0.17 

0.62 

0.62 

0.62 
0.16 

0.60 
0.15 

0.15 

0.15 

0.35 

0.04 

0.10 

0.29 

1.30 

0.22 

1.23 

(0.07) 

(0.22) 

0.22 

1 , 2 3  
(0.06) 

1.25 
(0.05) 

1.18 

(0.05) 

1.50 

i 
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The r e s u l t s  of  t h e  latest  dynamic a n a l y s i s  i n d i c a t e  improved s t r u c t u r a l  
performance. 
quency (from 21.5 t o  22.0 Hz); t h e r e  has  been a r educ t ion  of t h e  magnitude 
of t h e  o v e r a l l  d e f l e c t i o n  p a t t e r n ;  a n d ' t h e r e  has  been a s i g n i f i c a n t  re- 
duc t ion  of t h e  t o t a l  e x t e r n a l  loads  a c t i n g  on t h e  LASA. Out-of-plane 
panel  loads  have reduced by 18%, and in-plane panel  loads  have reduced 
by 49%. 
shea r  and moment a c t i n g  on t h e  s p a c e c r a f t  h inge  from 31,500 pounds and 
26.0 x 105 inch-pounds t o  21,200 pounds and 19.0 x 105 inch-pounds, 
r e spec t ive ly .  

There has been a s l i g h t  i n c r e a s e  of t h e  f i r s t  n a t u r a l  f r e -  

The n e t  e f f e c t  of t h e s e  changes has  been t o  decrease  t h e  t o t a l  

The i n t e r n a l  loads  ana lyses  w e r e  updated t o  account  f o r  a l l  of t h e  LASA 
conf igu ra t ion  changes mentioned earlier i n  t h i s  s e c t i o n .  It w a s  decided 
no t  t o  inco rpora t e  t h e  most r e c e n t  dynamic loads  i n t o  the  i n t e r n a l  loads 
ana lyses  because t h e s e  loads---as descr ibed above---have decreased sub- 
s t a n t i a l l y  from earlier levels. Because the  loads are too  dependent on 
coupl ing of t h e  in-plane t o  out-of-plane panel  assemblies ,  i t  w a s  f e l t  
t h a t  a conserva t ive  approach would be  t o  use  t h e  earlier more c r i t i ca l  
set  of dynamic loads.  

The Large Area S o l a r  Array i n  t h e  stowed cond i t ion  w a s  analyzed t o  de t e r -  
mine t h e  s i g n i f i c a n c e  of antisymmetric bending modes on t h e  a r r a y  design.  
This  w a s  accomplished wi th  t h e  use  of a s i m p l i f i e d  model of t h e  t o t a l  
a r r a y  t h a t  incorpora ted  t h e  p r i n c i p a l  s t r u c t u r a l  elements of t h e  a r ray :  
namely, t h e  ou te r  s p a r s ,  cen te r  s p a r s ,  la teral  s p a r s ,  d iagonal  brace ,  
in-plane s u b s t r a t e ,  and boost  tiedown system. Each panel  assembly w a s  
modeled by a s i n g l e  panel.  Refinements such as out-of-plane s u b s t r a t e  
e f f e c t s  and i n c l u s i o n  of a l l  i n t e r c o s t a l s  w e r e  no t  included,  bu t  t h e i r  
e f f e c t s  are secondary and do not  a f f e c t  t h e  v a l i d i t y  of t h e  r e s u l t s .  

Three condi t ions  w e r e  examined i n  t h e  ana lys i s :  

Case 1---Symmetric cond i t ion  t h a t  corresponds wi th  t h e  cu r ren t  design 
a n a l y s i s  ; 

Case 2---Symmetric a r r a y  s t r u c t u r e  wi th  t h e  m a s s  of one panel  assembly 
increased  10%; 

Case 3---Symmetric a r r a y  s t r u c t u r e  wi th  t h e  masses of two adjacent  panels  
increased  10%. 

The n a t u r a l  modes, f requencies ,  e x t e r n a l  loads ,  and i n t e r n a l  loads f o r  
each case w e r e  determined, Case 3 i s  c r i t i ca l  i n  response f o r  e x c i t a t i o n  
of 45 degrees  t o  t h e  pane l  plane.  Condition 2 i s  c r - l t i c a l  f o r  e x c i t a t i o n  
perpendicular  t o  t h e  pane l  p lape ,  w i th  one panel  loaded h igher  than  t h e  
rest. 
42.5 and 37.5 Hz, r e spec t ive ly ,  and antisymmetric loadings do no t  cause 
them t o  respond s i g n i f i c a n t l y .  

The a r r a y  t o r s i o n a l  modes and "diamond" modes have f requencies  of 

The responses and t h e  e x t e r n a l  and i n t e r n a l  loads  f o r  t h e  t h r e e  condi t ions  
have been compared and are presented i n  Table 2-2. 
correspond p r e c i s e l y  t o  t h e  des ign  va lues  because of t h e  necessary model 

These va lues  do not  

2-13 
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c 

s i m p l i f i c a t i o n s ,  b u t  they serve as a comparison t o  select t h e  c r i t i ca l  
case. The e x t e r n a l  loads  and d e f l e c t i o n s  of t h e  t o r s i o n a l  mode are pre- 
sen ted  f o r  Case 2 t o  i n d i c a t e  t h e  i n s i g n i f i c a n c e  of t h a t  mode t o  design.  
The diamond mode is  even less s i g n i f i c a n t  . Therefore ,  t h e  antisymmetri-  
cal  loads  w e r e  less s i g n i f i c a n t  t o  t h e  conf igu ra t ion  and s i z i n g  of t h e  
s t r u c t u r e  than  w e r e  t h e  symmetrical loads.  

The r e s u l t s  of t h e  ana lyses  of t h e  stowed conf igu ra t ion  as i t  evolved 
from t h e  o r i g i n a l  b a s e l i n e  of September 1966 t o  September 1967 are sum- 
marized i n  Table 2-3. It is  obvious from t h e s e  t a b l e s  t h a t  t h e  dynamic 
loads are t h e  more c r i t i ca l  and t h a t  t h e  modi f ica t ions  t o  t h e  b a s e l i n e  
are j u s t i f i e d .  

2.2 VIBRATION ANALYSIS 

2.2.1 DETERMINATION OF SUBPANEL VIBRATION CHARACTERISTICS 

The b a s i c  test  o b j e c t i v e s  are: 

1) Determine t h e  electrical  degrada t ion  caused by large-amplitude 
s u b s t r a t e  motion; 

2) 

3) Evaluate  damping c h a r a c t e r i s t i c s  i n  a i r  and i n  vacuum. 

Compare measured wi th  ca l cu la t ed  f requencies  i n  a i r  and i n  vacuum; 

An a n a l y s i s  of t h e  resonant  f requencies  and mode shapes has been com- 
p l e t ed .  
w e r e  determined, as shown i n  F igure  2-7. The a n a l y s i s  w a s  inf luenced 
by t h e  n e c e s s i t y  t o  t r y  t o  d u p l i c a t e  t h e  boost  v i b r a t i o n  and environ- 
ment a t  t h e  s u b s t r a t e  suppor t ing  t h e  cel ls ,  

From t h i s  a n a l y s i s  t h e  l o c a t i o n s  and s i z e s  of t he  v i b r a t o r s  

The normal modes of t h e  pinned-free MTA-1 pane l  have been determined t o  
p r e d i c t  t h e  response levels and t o  select optimum shaker loca t ions .  
modes w e r e  ca l cu la t ed  f o r  t h e  fol lowing condi t ions :  

The 

Panel  a lone  i n  vacuum; 

Panel  wi th  3.5-pound shaker  m a s s  a t  top of c e n t e r  s p a r  ( S t a t i o n  
169.9) i n  vacuum; 

Panel  i n  a i r  wi th  3.5-pound shaker mass a t  top of cen te r  spa r  
( S t a t i o n  169.9);  

Panel  i n  a i r  w i t h  3.5-pound shaker  m a s s  a t  center of lateral s p a r  
( S t a t i o n  123.7) ; 

Two 25-pound shakers  a t  S t a t i o n  169.9 on o u t e r  s p a r  i n  vacuum. 

2-15 
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Subsequent t o  a n a l y s i s  of t h e  f i r s t  four  cond i t ions ,  i t  w a s  determined 
t h a t  t h e  shake r s  a v a i l a b l e  f o r  t h e  test were two 25-pound shakers  w i th  
10-ounce v o i c e  c o i l s .  
This  cond i t ion  is now t h e  nominal one. 

The f i f t h  cond i t ion  w a s  analyzed t o  r e f l e c t  t h i s .  

The m a s s  of a i r  app l i ed  t o  t h e  pane l  f o r  t h e  ambient atmospheric test  
w a s  taken as t h e  m a s s  i n  t h e  volume shown i n  F igure  2-8. 

Panel Width 

Figure 2-8: 

7 
Panel Length 

ASSUMED VOLUMES OF A I R  M A S S  

The mass of a i r  i n  a 2-foot-diameter sphe re  w a s  app l i ed  t o  each s u b s t r a t e  
m a s s ,  and t h e  remainder w a s  d i s t r i b u t e d  over t h e  pane l  s t r u c t u r e .  A 
summary of t h e  a n a l y s i s  of t h e  nominal case (Condition 5 above) is  g iven  
i n  Table 2-4, The f i r s t  f i v e  mode shapes and f requencies  are shown i n  
Figures 2-9 through 2-13. 

Table 2-4: SUMMARY OF ANALYSIS OF MTA-1 VIBRATION CHARACTERISTICS 

50-lb Inpu t  50-lb Inpu t  
Frequency Generalized S u b s t r a t e  S t r u c t u r e  

Mode (Hz) Mass Response Response 

1 6.50 0.00330 -- -- 

2 15.4 0,00230 33.4 32.9 

3 24.3 0.00187 -- -- 

4 31.6 0.000736 37.6 6.15 

5 32.6 0.000471 42.6 3.42 

Condition 5: 
Shaker Mass = 1.25-lb t o t a l .  

Vacuum, two 25-lb shakers  a t  S t a t i o n  169.9 o u t e r  spa r s ;  

A 2-pound f o r c e  from each shaker  (out of phase) w i l l  r e s u l t  i n  a 1-inch 
t i p  d e f l e c t i o n  i n  t h e  f i r s t  t o r s i o n a l  mode (W = 6.5 Hz). 

2-18 
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Figure 2-9: MTA-1 PINNED FREE MODES, fl = 6.5 
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Figure 2-10: MTA-1 PINNED FREE MODES, f2 = 15.4 i 
/ 
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I Figure 2-11: MTA-1 PINNED FREE MODES, f3 = 24.3 
i 
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Figure 2-12: MTA-1 PINNED FREE MODES, f4 = 31.6 
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Figure 2-13: MTA-1 PINNED FREE MODES, f5 = 32.6 
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During t h e  MTA-1 v i b r a t i o n  tests, t h e  displacements  and a c c e l e r a t i o n s  
w i l l  be  monitored by accelerometers  l oca t ed  on t h e  pane l  as shown i n  
F igure  2-14. 
t o  monitor t h e  stress levels. 

S t r a i n  gages loca t ed  as shown i n  F igure  2-15 w i l l  be  used 

2.2.2 VIBRATION OF SCS-43 

The SCS-43 test panel  w a s  t e s t e d  i n  Phase I (Figure  2-16) t o  determine 
t h e  response and damping of t h e  pane l  subjec ted  t o  v i b r a t i o n  e x c i t a t i o n .  
The r e s u l t s  of t h e s e  tests ind ica t ed  t h e  a d v i s a b i l i t y  of a d d i t i o n a l  
t e s t i n g .  The purpose of t h e s e  tests is t o  determine t h e  e f f e c t  of a i r  
on t h e  resonant  f requencies  and damping, and t o  o b t a i n  test d a t a  f o r  
another  pane l  support  condi t ion.  

The tests s t a r t e d  wi th  an  i n i t i a l  low-level d i agnos t i c  sweep t o  determine 
t h e  gene ra l  c h a r a c t e r i s t i c s  of t h e  panel .  This  w a s  followed by sweeps 
a t  inc reas ing  levels of e x c i t a t i o n ,  wi th  dwells  a t  one low and one high 
frequency, followed by a decay record  f o r  each dwell .  A l l  tes t  d a t a  w e r e  
recorded on tape.  I n  a d d i t i o n ,  quick-look v i s i c o r d e r  records w e r e  made 
of certain accelerometers  and s t r a i n  gages f o r  use  i n  s e l e c t i n g  t h e  input  
e x c i t a t i o n  f o r  t h e  subsequent sweep. 

The Phase I test w a s  analyzed by an  a r r a y  of s i x  beams represent ing  t h e  
s u b s t r a t e  s t i f f n e s s  f o r  each of t h e  fou r  s ec t ions .  The panel  weight w a s  
d i s t r i b u t e d  as concentrated weights  a t  t h e  n ine  s t a t i o n s  i n  each s e c t o r  
t h a t  def ined t h e  i n t e r s e c t i o n  of t h e  beams. The beam s t i f f n e s s  w a s  
s e l e c t e d  t o  match t h e  s u b s t r a t e  fundamental frequency ca l cu la t ed  by 
energy methods. 
edges clamped w e r e  obtained.  

Solu t ions  f o r  a l l  four  edges pinned and f o r  a l l  four  

Analysis of t h e  stowed a r r a y  showed a n  undes i rab le  inc rease  i n  e f f e c t i v e  
weight and a consequent reduct ion  i n  t h e  f i r s t  resonant  frequency when 
t h e  s u b s t r a t e  p r i m i t i v e  frequency w a s  no t  s u f f i c i e n t l y  h igher  than  t h e  
a r r a y  frequency. 
adequate frequency sepa ra t ion ,  and t h e  Phase I v i b r a t i o n  tes t  devised t o  
v e r i f y  t h a t  t h e  s e l e c t e d  t ens ion  w a s  adequate. However, comparison of 
measured and ca l cu la t ed  f requencies  could only be  made by assuming an 
e f f e c t i v e  a i r  m a s s ,  so  t h e  v e r i f i c a t i o n  w a s  no t  complete. I n  add i t ion ,  
t h e  damping w a s  l a r g e ,  and t h e  re la t ive amounts of a i r  and s t r u c t u r a l  
damping w e r e  no t  separable .  

The s u b s t r a t e  t ens ion  va lue  w a s  s e l e c t e d  t o  ensure  an 

Analysis f o r  t h e  second series of tests used t h e  same model as Phase I ,  
except  t h a t  t h e  edge c o n s t r a i n t s  w e r e  changed t o  two edges pinned and 
two edges f r e e .  Solu t ions  have been obtained f o r  t h r e e  condi t ions :  
(1) i n  vacuum, (2) wi th  a hemisphere of a i r  moving wi th  each of t h e  fou r  
s e c t o r s ,  and (3) with a hemisphere of a i r  moving with t h e  e n t i r e  panel.  
Figure 2-17 shows t h e  mode shape f o r  t h e  f i r s t  resonance i n  vacuum. 
s m a l l  d i f f e rences  f o r  t h e  resonant  f requencies  of t h e  f i r s t  four  modes 
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w e r e  obtained,  and t h e  motion of t h e  edge beams i n  bending w a s  a l s o  
s m a l l .  This  w a s  expected: t h e  frequency of  a n  edge beam is  w e l l  above 
t h e  s u b s t r a t e  frequency. 
appears  t o  be  s i m i l a r  t o  those  measured i n  t h e  Phase I test. I n  vacuum 
t h e  fundamental frequency w a s  between 43.2 and 44.5 Hz, i n  good agree- 
ment wi th  t h e  c a l c u l a t e d  frequency of 44.2 Hz. Damping eva lua t ion  has  
no t  been made, b u t  t h e  response i n  vacuum w a s  roughly 20 t i m e s  t h a t  
i n  air .  

A band of f requencies  between 85 and 100 Hz 

2.3 PRESTRESS CONDITIONS 

2.3.1 SUBSTRATE PRE-TENSION LOAD ANALYSIS 

It i s  reasonable  t o  assume t h a t  some t ens ion  is  necessary i n  t h e  s u b s t r a t e  
t o  keep i t  f l a t  dur ing  t h e  f a b r i c a t i o n  of t h e  pane l  and t o  keep i t  from 
going s l a c k  dur ing  boost .  Some t ens ion  is a l s o  r equ i r ed  t o  keep t h e  
n a t u r a l  frequency of t h e  s u b s t r a t e  above those  of o t h e r  elements of t h e  
s t r u c t u r a l  system. However, too  much t ens ion  w i l l  produce d e l e t e r i o u s  
e f f e c t s .  

) I t  is be l ieved  t h a t  a s u f f i c i e n t l y  accu ra t e  estimate of t h e  pre- tension 

of s u b s t r a t e ,  bonded by four  t y p i c a l  s p a r  members. 
/ e f f e c t s  is obtained from t h e  a n a l y s i s  of a s i n g l e  24-inch square  pane l  

1) Consider t h e  e f f e c t s  of t h e  f l e x i b l e  edge frame on t h e  d i s t r i b u t i o n  
of the  t ens ion  loading i n  t h e  pane l ,  
d e f l e c t i o n  of t h e  edges may b e  w r i t t e n  as: 

The b a s i c  equat ion f o r  t h e  

4 2 

dx 
dy + 12 dy + p4y = p4h 

2 4 dx 

where: x = Coordinate axis of edge beam; 

y = Def lec t ion  axis of edge beam; 

h = P r e s t r e t c h  i n  s u b s t r a t e  f o r  a uniform load of Nmax; 

2E t p4=- ;  s s  

L E ~ l ~  
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where: L = Length a x i s  of edge beam; 

N = Load i n  s u b s t r a t e  i n  pounds/inch; 

= Young's modulus f o r  s u b s t r a t e ;  
S 

E 

tS = Thickness f o r  s u b s t r a t e ;  

EB = Young's modulus f o r  beam; 

IB = Moment of i n e r t i a  f o r  beam; 

It can be shown t h a t  1 is  s m a l l  enough t o  b e  ignored and t h e  above 
a n a l y s i s  reduces to:  

Q +  4 4  p y = p4h 
4 dx 

Given t y p i c a l  va lues  as fol lows:  

6 ES = 8,5(10) ; tS = 0.003 inch ,  

L = 24 inches ,  

6 4 EB = 44(10) ; IB = 0.023 inch  , 

t h e  a x i a l  load on t h e  edge beams is 120 pounds. 

The s o l u t i o n  of t h e  above equat ion  gives  t h e  fol lowing r a t i o  of t h e  
maximum tens ion  load (a t  t h e  middle of s i d e )  t o  t h e  maximum load: 

= 0.266 Nmin 

Nmax 

I n  o the r  words, i t  can be expected t h a t  f o r  the  LASA design t h e  pane ls  
a t  t h e  edge w i l l  pos s ib ly  have a minimum s u b s t r a t e  t ens ion  of approxi- 
mately 25% t o  30% of t h e  maximum va lue ,  

2) Next, cons ider  t h e  e f f e c t s  of t h e  s u b s t r a t e  t ens ion  on t h e  frequency 
of t h e  s u b s t r a t e .  It is expedient  t o  assume t ens ion  d i s t r i b u t i o n s  
i n  t h e  s u b s t r a t e  as fol lows:  

For t h e  or thogonal  tapes  
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N 
T =o ((1 - k) cos - 2ax + (1 + k)} 

Y 2  L 

T = O  
XY 

For t h e  d iagonal  t apes  

2lTx T = T =o ((1 - k) cos - 21Ty + (1 + k)} 
N 

cos - L x Y 2  L 

2lTx N 
s i n  - - k) s i n  - 

L T = ?  ((1 L XY 2 

where : Nmax N =  
0 

N ave = N =  (?)No 

For a modal d e f l e c t i o n  o f :  

T X  w = w s i n -  s i n g  cos a t  
0 L L 

t h e  fol lowing n a t u r a l  f requencies  may be der ived:  

w ( radians/second)  
or thogonal  L 

w diagonal  L 

Typical  va lues  of f requencies  f o r  No = 10 pounds pe r  square  inch 
and a n  "m" based on a weight of 0.182 pounds p e r  f o o t  are: 

= a =  
I 

diagonal  

or thogonal  

- - w 

- - 0 

51.5 Hz; 

44.0 Hz; 

34.5 Hz; 
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These f requencies  are s u f f i c i e n t l y  high and they show t h a t  t h e  
d iagonal  tapes are s u p e r i o r  t o  t h e  or thogonal  tapes .  

3) L a s t l y ,  cons ider  t h e  p o s s i b i l i t y  of i n s t a b i l i t y  of t h e  frame caused 
by t ens ion  i n  the  s u b s t r a t e .  L e t  t h e  i d e a l i z a t i o n  be  as shown i n  
Figure 2-18, and t h e  d e f l e c t i o n  p a t t e r n  be  assumed as fol lows,  and 
equate  the  i n t e r n a l  work t o  t h e  e x t e r n a l  work. 

N = Membrane load  pounds pe r  inch  (assume N is  uniform) 

M = Twist ing moment 

Assumed R a t e  of T w i s t :  

V 
( rad  / i n )  8 = -  0 

14ab 

Assumed Disdacement:  

The i n t e r n a l  work versus  t h e  e x t e r n a l  work g ives  t h e  following: 

uxExAxa + uz eZAZb + l Juxcx t  dxdz 

Hor i zon ta l  Bars Vertical Bars Hor i zon ta l  Tape 

1 2 1  + ? G J e f f e  L = T M e L  u E t dxdz 

Vertical Tape 
+ ss= 

from which t h e  t o r s i o n a l  s t i f f n e s s  becomes: 

- N a  (a2 + $) M 
- 8 =: G J e f f  3 

which i n  t u r n  g ives :  

- - 3GJeff 
Ncr 

2a (a2 +$) 
with  G J e f f  being f o r  N = C. 

It can b e  shown t h a t  f o r  LASA it  is  s u f f i c i e n t l y  accu ra t e  t o  use: 

i 
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Heat Pad 
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Alignment 
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\ 

I Beryl I ium Frame 

Figure 2-19: SUBSTRATE ASSEMBLY AND PRETENSI 
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For G J e f f  = 0.1805 

Ncr = 340 pounds per  inch  . 

which i n d i c a t e s  t h a t  t h e  a r r a y  frame is  s u f f i c i e n t l y  s t a b l e  f o r  
N = 12 pounds p e r  inch.  

I n  conclusion,  a t ens ion  load of 12  pounds pe r  i nch  w i l l  s a t i s f y  t h e  
nominal requirement ,  wh i l e  a t  t h e  same t i m e  t h e  frame is  s u f f i c i e n t l y  
s t i f f  t o  permit  a h ighe r  va lue  i f  f u t u r e  tests i n d i c a t e  i t  necessary.  

2.3.2 FABRICATION FOR INITIAL TENSION I N  SUBSTRATE 

The cur ing  of adhesives  used i n  t h e  assembly of t h e  s u b s t r a t e  and frame 
r e q u i r e s  exposure t o  va r ious  temperature  cyc les  t h a t  would r e s u l t  i n  
incompatible expansions. The loads and t h e  thermal  expansion i n  the  
s u b s t r a t e  can be c o n t r o l l e d  s e p a r a t e l y  i f  t h e  l o n g i t u d i n a l  expansion of 
t h e  edge loading b a r s  can be  independently maintained. 
load program w i l l  main ta in  a n  i s o t r o p i c  s ta te  of stress and s t r a i n  i n  
t h e  s u b s t r a t e .  

The i d e a l  thermal- 

The procedure f o r  i n s t a l l i n g  the  t ape  is  descr ibed  below, The s u b s t r a t e  
must b e  s t r e t c h e d  and bonded a t  t h e  node p o i n t s  and t o  t h e  aluminum 
loading b a r s  (F igure  2-19). The "green" t ape  i s  s t r e t c h e d  a t  a low 
load ac ross  t h e  aluminum load  b a r s  spaced by alignment p ins ,  t h e  g r i d  
is  f l a t t e n e d  wi th  a vacuum bag s l i g h c l y  tensioned t o  s t r a i g h t e n  t h e  
f i b e r s ,  and t h e  nodes are bonded a t  350°F. 

Af t e r  t h e  g r i d  is  bonded a t  t h e  nodes as w e l l  as t o  t h e  aluminum load 
b a r s ,  t h e  next  process  is, nominally, as fol lows:  

Step  1---Apply membrane load of 12  pounds pe r  inch  t o  aluminum load b a r s  
and h e a t  t h e s e  ba r s  ( s t r F p  hea t ing)  t o  225°F. Apply no h e a t  o r  p re s su re  
t o  bery l l ium o r  s u b s t r a t e .  
t h e  s u b s t r a t e  during t h i s  opera t ion .  The s u b s t r a t e  shou ld  b e  f a b r i c a t e d  
unders ize  t o  have proper  alignment a t  room temperature  and t h e  des ign  
pre-tension. 

The aluminum load b a r s  e longate  t h e  same as 

S t e p  2---Heat s u b s t r a t e  and beryl l ium frame t o  250°F and s imultaneously 
inc rease  membrane load  t o  17.2 pounds p e r  inch  and, by s t r i p  hea t ing ,  
i nc rease  temperature  of aluminum b a r  t o  approximately 320°F. During 
t h i s  s t e p ,  t h e  nominal relative p 9 s i t i o n  of t h e  f i b e r g l a s s  s u b s t r a t e  
and bery l l ium does no t  change. The aluminum b a r  e longates  a t  t h e  s a m e  
rate as t h e  s u b s t r a t e .  
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Step 3---Apply p res su re  and bond. 

Step 4---Cool down bery l l ium frame and s u b s t r a t e .  

Step 5---Cool aluminum and unloaded tape.  

F igure  2-20 shows the  temperature-load versus  t i m e .  

The procedure descr ibed  above is  a n  i d e a l  program f o r  i s o t r o p i c  pre- 
tens ioning .  However, t h e r e  are some p r a c t i c a l  d i f f i c u l t i e s  i n  execut ing 
the s t e p s .  I n  p a r t i c u l a r ,  t h e  s t r i p  hea t ing  of t h e  aluminum b a r s  i s  
d i f f i c u l t  t o  con t ro l .  I f  t h e  temperature of t h e  aluminum ba r s  were less 
than  250"F, a gap would e x i s t  i n  t h e  ba r s  i n  t h e  corners  (Figure 2-20), 
which i n  t u r n  would r e s u l t  i n  lower loadings  i n  t h e  longer  tapes  and 
h ighe r  loadings  i n  t h e  s h o r t e r  tapes .  
t h e  temperature  i n  t h e  aluminum b a r s  is  t o  observe f o r  t h i s  gap and a d j u s t  
temperature  u n t i l  gap d isappears .  Prel iminary ana lyses  have ind ica t ed  
t h a t  such a s i t u a t i o n  may be t o l e r a b l e .  The p resen t  op in ion  i s  t h a t  some 
l o c a l  r educ t ion  ( o r  i nc rease )  i n  t h e  membrane load w i l l  no t  be s e r i o u s  
s o  long as t h e  average loading of 17.2 pounds pe r  inch  is  maintained a t  
maximum temperature.  

A p r a c t i c a l  method of c o n t r o l l i n g  

Basic processing and too l ing  requirements are l i s t e d  below: 

A s t r e t c h  frame ( s e e  Figure 2-21) capable  of car ry ing  s u b s t r a t e  
t ens ion  loads  of up t o  20 pounds pe r  inch  is  used t o  r e s t r a i n  f ixed  
l i n k s  on two s i d e s  and a i r  cy l inde r s  on two s i d e s  a t tached  t o  ser- 
r a t e d  aluminum tens ion  ba r s .  
set t o  a s h r i n k  scale which al lows f o r  t h e  growth of t h e  tapes  when 
tensioned f o r  bonding i n t o  t h e  subpanel.  Electric s t r i p  h e a t e r s  are 
a t t ached  t o  t h e  t ens ion  ba r s  t o  lengthen them t o  s u i t  t he  var ious  
condi t ions  of s u b s t r a t e  temperatures and tens ion .  The c r i t i c a l  
node spacing of t h e  s u b s t r a t e  tapes  and t h e  r e l a t i o n s h i p  of t hese  
l o c a t i o n s  t o  t h e  bery l l ium frame are con t ro l l ed  by t h e  l eng th  of 
t h e  t ens ion  ba r s  and t h e i r  p o s i t i o n  r e l a t i v e  t o  t h e  p l a t e n  o r  j i g  
base.  The l i n k s  along one s i d e  and one end, between t h e  t ens ion  
ba r s  and t h e  frame, are a d j u s t a b l e ,  and a f i x e d  r e l a t i o n s h i p  is 
maintained on t h e  same s i d e  and end between t h e  frame and t h e  j i g ,  
base  a 

Tape l o c a t o r  p i n s  on these  ba r s  are 

A steel  j i g  base  is  requi red  t h a t  has  a good f i n i s h  wi th  no holes  o r  
crevices, is  vacuum t i g h t ,  can b e  hea ted  t o  350" by e lec t r ic  b l anke t  
under t h e  base ,  and is a t  least 4 inches l a r g e r  i n  o v e r a l l  dimensions 
than  t h e  bery l l ium subpanel frame. Temperature must be c o n t r o l l a b l e  
t o  f1O"F over t h e  e n t i r e  j i g  base.  The s u r f a c e  must be covered wi th  
FEP f i lm ,  he ld  f l a t .  

Af t e r  tapes  are loca ted ,  gr ipped,  and t h e  314-pound tens ion  appl ied ,  
they are re s t r a igh tened .  The two t ape  l a y e r s  are separa ted  s l i g h t l y  
wi th  a pneumatic tube around t h e  edges and allowed t o  r e a l i g n  and 
then  come back toge the r  on t h e  p l a t en .  The vacuum bag is appl ied  
and s e a l e d  through t h e  tapes  t o  t h e  per iphery of t h e  p l a t e n  (see 
Figure 2-22) e 
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Figure 2-20: 1 DEAL PROGRAM TO GIVE I SOTROPY 
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Figure 2-21: SUBSTRATE LAYUP IN S T R E T ~ H I ~ G  TOOL 

I NG 
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4 )  H e a t  is app l i ed  t o  t h e  p l a t e n ,  and a d d i t i o n a l  h e a t  appl ied  t o  the  
t ens ion  b a r s  t o  match t h e  t ape  expansion, as p l a t e n  temperature 
inc reases  t o  350°, fol lowing t h e  c h a r t  shown i n  Figure 2-23 and 
cure  c y c l e  completed. 

Before removing t h e  s u b s t r a t e ,  i t  is  s t r e t c h e d  t o  12  pounds per  
inch  by applying h e a t  and p res su re  t o  t h e  t e n s i o n  b a r s  as shown i n  
F igure  2-24, and t h e  node l o c a t i o n s  are checked a g a i n s t  t he  drawing. 
The t ens ion  b a r s  a long t h e  f i x e d  s i d e s  are ad jus t ed  t o  b r ing  t h e  
node p o i n t s  i n t o  exac t  p o s i t i o n  t o  s u i t  t h e  frame l o c a t o r s  and t h e  
tiedown cab le  l o c a t i o n s  on t h e  j i g  base.  

5) The s u b s t r a t e  and t ens ion  b a r s  are then  picked up on a s t rongback,  
maintaining only s l i g h t  tens ion ,  and s t o r e d  i n  a n  upr ight  p o s i t i o n  
on t h e  w a l l  ad jo in ing  t h e  f i x t u r e .  

2.4 TEMPERATURE DISTRIBUTION AND THERMAL CONTROL 

2.4.1 MATHEMATICAL APPROACH TO THERMAL ANALYSIS 

A numerical method of so lv ing  t h e  p a r t i a l  d i f f e r e n t i a l  equat ions of h e a t  
flow has been used throughout t h e  LASA thermal a n a l y s i s .  
problem i s  broken i n t o  a f i n i t e - d i f f e r e n c e  network of elements repre-  
sen ted  by nodes loca ted  a t  t h e i r  c e n t r o i d s ,  such as Nodes i and j i n  
Figure 2-25. Corresponding t o  each t i m e  i n t e r v a l ,  a s e t  of h e a t  ba lance  
equat ions i n  the  f i n i t e - d i f f e r e n c e  form may be  convenient ly  w r i t t e n ,  one 
f o r  each node. The gene ra l  equat ion  f o r  Node i can be  w r i t t e n  as: 

The phys ica l  

For t r a n s i e n t  h e a t  t r a n s f e r :  

For s t eady- s t a t e  h e a t  t r a n s f e r :  

where s u b s c r i p t  j r e f e r s  t o  any o the r  node of t h e  nodal  network having 
h e a t  t r a n s f e r  w i th  Node i by conduction and/or r a d i a t i o n ,  and s u p e r s c r i p t s  
(m+l) and m r e f e r  t o  t i m e  s t e p  ntimbers---(m+l) is  one t i m e  s t e p  later 
than  m, 

= Conductance between Nodes i and j ;  
Ki j 

T = Temperature a t  Node i, Node j; 
j Ti 9 
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SUBSTRATE / DRAWBAR TEMPERATURES 

0.75 Ib/inch Substrate Tension 

Air Cylinder Pressures for 3/4 Ib/in. 
Short Bar = 2.75 psi 
Long Bar = 2.84 psi 

70 90 110 130 150 170 190 210 

DRAWBAR TEMPERATURE OF 

BONDING OF SUBSTRATE (TAPES TO TAPES) 

Figure 2-23: SUBSTRATE BOND 
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226OF 
90 

SUBSTRATE DRAWBAR TEMPERATURES 
Short Bar ~44.0 psi = 3.57 psi/Ib/in. 
Long Bar = 45.4 psi = 3.78 psi/Ib/in. 

17 Ib/in. 
Substrate 

Figure 2-24: SUBSTRATE TENSIONING CHART 

2-41 



D2-113355-6 

Radiation to 
Deep Space 

Radiation to 
Deep Space o Deep Space 

Node (-460°F) 

Node i Radiation to Deep 
Space at -460OF 

Radiant lnterc hange 
Radiant Interchange 
Between Nodes 
Within Enclosure 

and Dark-Side 

Radiation to 

Radiant lnterchang 

Within Enclosure 

ERMAL ANALYSl S M 
rk, LASA Outboard Spar Deployed 

2-42 



D2-113355-6 

u = Stefan-Boltzmann cons t an t ;  

A.  = Sur face  area of Node i; 

= Radia t ive  in te rchange  f a c t o r ,  inc luding  r e f l e c t i o n ;  Fi j  

1 

Si = H e a t  sources  a t  i, inc luding  s o l a r  h e a t  absorbed a t  i, 
d i r e c t  and/or  r e f l e c t e d ;  h e a t  generated by an  electric 
bus; power drawn from t h e  s o l a r  cells; 

C = S p e c i f i c  h e a t ;  
P 

p = Densi ty;  

V = Volume, 

The set of h e a t  ba lance  equat ions  t o  each success ive  t i m e  i n t e r v a l  can 
be  solved by a n  i t e ra t ive  process  using a high-speed d i g i t a l  computer, 
i f  t h e  i n p u t s  of thermal  p r o p e r t i e s ,  r a d i a t i o n  view f a c t o r s ,  h e a t  sources ,  
and i n i t i a l  temperatures are prescr ibed .  

The s o l u t i o n s  of t h e  above equat ions are r e a d i l y  obtained wi th  t h e  Boeing 
thermal ana lyzer  program (Reference 8, Sec t ion  11.3) f o r  which t h e  1108 
D i g i t a l  Computer is  used. This computer has  been used ex tens ive ly  i n  
thermal a n a l y s i s  work on many Boeing p r o j e c t s  (such as X-20 and Lunar 
O r b i t e r ) ,  and t h e  program has  been used f o r  t h e  LASA thermal a n a l y s i s  
because of i t s  a v a i l a b i l i t y  and e f f i c i e n t  opera t ion .  With t h i s  program, 
i t  w a s  p o s s i b l e  t o  inc lude  t h e  inpu t s  of thermal  p r o p e r t i e s  as func t ions  
of temperature  and t o  e a s i l y  o b t a i n  problem s o l u t i o n s ,  both s teady  s ta te  
and t r a n s i e n t .  

A s u f f i c i e n t  accuracy may be  obtained by proper  i d e a l i z a t i o n  of t h e  
problem se tup .  The proper  i d e a l i z a t i o n  inc ludes  t h e  proper  f ineness  
of time-and-space meshing of t h e  problem nodal  network and t h e  appro- 
p r i a t e  boundary condi t ions .  I n  t h e  LASA thermal a n a l y s i s  t h e s e  f a c t o r s  
w e r e  weighed from p a s t  experience.  
considered s u f f i c i e n t l y  accu ra t e  s o  long as t h e  inpu t s  of assumed ther -  
m a l  p r o p e r t i e s  are c o r r e c t  o r  s u f f i c i e n t l y  c l o s e  t o  t h e  a c t u a l  material 
thermal p r o p e r t i e s .  

Solu t ions  o f  t he  LASA problems are 

Figure 2-25 i s  presented  as an  example of a two-dimensional nodal network 
f o r  t h e  LASA deployed outboard s p a r  thermal ana lys i s .  
ad jacent  s o l a r  cells are subdivided i n t o  many elements represented  by 
nodes a t  t h e i r  cen t ro ids ,  as ind ica ted .  The modes of h e a t  t r a n s f e r  con- 
s ide red  i n  t h e  s t eady- s t a t e  h e a t  flow a n a l y s i s  inc lude :  

The s p a r  and t h e  

1 )  S o l a r  f l u x  t o  t h e  sun-facing nodes, Si. 
va lues  of S i  = @ , A i s ,  where as = s o l a r  absorptance and S = s o l a r  
f l ux .  

Calculated inpu t s  are 

2) Radia t ion  from a l l  s u r f a c e  nodes t o  space,  UAiFi-space Ti4. 
l a t e d  inpu t s  are va lues  of UAiFi-spaCe. 
of node i wi th  r e spec t  t o  deep space.  

Calcu- 
Fi-space is the  view f a c t o r  
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3) Radiant in te rchange  between nodes see ing  each o t h e r ,  UAiFij (Tj4 - Ti4) .  
Calculated inpu t s  are va lues  of WAiFij. 

Conductions between ad jacen t  nodes, K i j  (Tj - T i ) .  
are va lues  of X i j  = k.Aij/.!ij, where k = conduct iv i ty ,  A i j  = cross-  
s e c t i o n a l  area ac ross  which h e a t  flows between node i and node j ,  
and l i j  = l ength  of conduction pa th  between nodes i and j .  

4) Calculated inpu t s  

The 1108 d i g i t a l  computer s o l u t i o n  f o r  t h i s  sample s t eady- s t a t e  problem 
e n t a i l e d  l i t t l e  machine t i m e .  The p r i n t o u t s  included r e s u l t i n g  tempera- 
t u r e s  of a l l  nodes coded f o r  s o l u t i o n .  

2.4.2 CONTROL OF ARRAY STRUCTURAL TEMPERATURES 

Thermal a n a l y s i s  of t h e  o r i g i n a l  b a s e l i n e  conf igu ra t ion  revealed extreme 
temperatures of t h e  stowed ar ray :  335°F (maximum) and -230°F (minimum) 
a t  t h e  end of a 3-hour stowed per iod  and 280°F (maximum) and -98°F 
(minimum) a t  t h e  end of t h e  20 minutes fol lowing shroud e j e c t i o n .  The 
conf igu ra t ion  considered laminar X-500 coa t ing  only on t h e  dark s i d e  of 
each panel ,  These temperatures w e r e  compared a g a i n s t  t h e  l i m i t s  of 
167°F (75°C) maximum and -148°F (-100°C) minimum as s p e c i f i e d  i n  JPL 
S p e c i f i c a t i o n  GNP-50505-FNC-B f o r  t h e  deployed conf igura t ion .  The ex- 
treme high temperatures w e r e  no t  considered acceptab le  because they 
exceeded t h e  thermal c a p a b i l i t y  of common adhesives  (such as BMS 5-29) 
t o  be used i n  t h e  a r r a y  design.  

The use of a pass ive  system and t h e  proper c o n t r o l  coa t ing  on t h e  s o l a r  
a r r a y  t o  reduce t h e  extreme h igh  temperatures has  been inves t iga t ed .  
The s tudy showed l a r g e  temperature r educ t ion  of t h e  stowed a r r a y  w a s  
p o s s i b l e  through t h e  combined use  of a 3-mil B-1060 whi t e  p a i n t  and 
aluminized mylar s o l a r  shades.  The whi te  p a i n t  w a s  t o  b e  appl ied  over 
a l l  exposed areas of t h e  stowed a r r a y  except  i n  Subpanels 4B and 2B, 
where the  f r o n t  su r f aces  of s o l a r  cells w e r e  exposed and should not  be  
coated. 
shades.  (The rol l -up concept assumes t h a t  each shade can be r o l l e d  up 
a f t e r  t h e  stowed per iod  and immediately fol lowing t h e  deployment of t h e  
subpanel where t h e  shade is  i n s t a l l e d , )  From t h e  above thermal c o n t r o l  
system, t h e  stowed-array extreme temperatures were p red ic t ed  t o  be: 
116°F (maximum) and -255°F (minimum) a t  t h e  end of a 3-hour stowed 
per iod ,  92°F (maximum) and -98°F (minimum) a t  t h e  end of 20 minutes 
fol lowing shroud e j e c t i o n .  
t h e  fol lowing assumed thermal p rope r t i e s .  

These uncoated areas w e r e  t o  be p ro tec t ed  wi th  rol l -up s o l a r  

The p red ic t ed  temperatures w e r e  based on 
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0.5-mil Aluminized Mylar 

Aluminized Nonaluminized 
3 - m i l  B-1060 . Side  S ide  

So la r  Absorptance 0.235 0.12 0.17 

Emittance 0.85 0.03 0.63 

T e s t s  on B-1060 revea led  d i f f i c u l t y  i n  applying t h i n  coa t ings  because of 
t h e  low r e s i n  conten t  of t h e  p a i n t .  It w a s  concluded t h a t  B-1060 should 
no t  be  used f o r  t h e  a r r a y ;  i n s t e a d ,  a s i m i l a r  compound, B-1060AY 3 m i l s  
t h i c k ,  w i th  increased  r e s i n  conten t  could be  s a t i s f a c t o r i l y  used. 
B-1060A has a h igher  r a t i o  of s o l a r  absorptance t o  emit tance:  
f o r  a 3 - m i l  th ickness .  I ts  use  w i l l ,  t he re fo re ,  r e s u l t  i n  a h igher  maxi- 
mum temperature ,  approximately 150°F a t  t h e  end of a 3-hour stowed pe r iod ,  
and 115°F a f t e r  shroud e j e c t i o n .  
acteristics of B-1060A and t h e  thermal coverage p lan .  

The 
0.29:0.89 

Figure 2-26 p resen t s  t h e  thermal char- 

T e s t s  on RTV-40 i n d i c a t e  i t s  f e a s i b i l i t y  as a thermal c o n t r o l  coa t ing  
on t h e  dark-s ide s u r f a c e s  of t h e  deployed a r r a y ,  excluding those  sur -  
faces  t h a t  become exposed i n  the  stowed condi t ion.  A 2 - m i l  th ickness  
of RTV-40 w i l l  be used t o  r e p l a c e  t h e  Laminar X-500 o r i g i n a l l y  proposed 
f o r  t h e  b a s e l i n e  conf igu ra t ion ,  Besides i t s  compa t ib i l i t y  wi th  t h e  
adhesives  used i n  t h e  a r r a y ,  RTV-40 has an  emit tance va lue  of 0.875 
(comparable t o  t h a t  of Laminar X-500) and a s o l a r  absorptance va lue  of 
0.375 (compared wi th  0.95 f o r  Laminar X-500). The use  of RTV-40, wi th  
t h e  added advantage of a lower s o l a r  absorptance t o  emit tance r a t i o ,  
w i l l  ensure  t h a t  t h e  Sun-facing a r r a y  subpanel s u r f a c e s  i n  t h e  deploying 
condi t ion  w i l l  s t a y  cooler  and w i t h i n  t h e  l i m i t i n g  temperature of 
167°F (75°C). 

I n  summary, t h e  a r r a y  maximum s t r u c t u r a l  temperatures w e r e  considered 
t o  be adequately c o n t r o l l e d  through the  combined use  of B-1060AY RTV-40, 
and t h e  rol l -up s o l a r  shades of aluminized mylar descr ibed above. The 
al lowable maximum temperature  of 167°F (75°C) would no t  be exceeded f o r  
t h e  a r r a y  e i t h e r  i n  t h e  stowed o r  deploying condi t ion .  The maximum t e m -  
pe ra tu re  of t h e  deployed a r r a y  w a s  p red ic t ed  t o  be  f a r  below 167°F. 
Two temperature condi t ions  worthy of a t t e n t i o n  are: 

1) Thermal shock rates of s o l a r  cel ls  i n  the  deployed a r r ay  are p r e -  
d i c t e d  t o  be much g r e a t e r  than  54°F (30°C) per  minute. 
of temperature  r ise  from i n i t i a l  temperature of -148°F is  140°F f o r  
t h e  f i r s t  minute, and t h e  rate averages 53°F pe r  minute f o r  t h e  
f i r s t  5 minutes from -148°F t o  115°F. 

The rate 

2) So la r  c e l l s  i n  t h e  deployed a r r a y  are p red ic t ed  t o  experience t e m -  
pe ra tu re s  lower than  -148°F (-100OC) i f  t h e  a r r a y  i s  shadowed by a 
p l a n e t  f o r  longer  than  6.5 minutes. 
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2.4.3 TEMPERATURES I N  SCS-43 

Tmpe.h&wra memuhed i n  SCS-43 pnovided uneduR compcvtinon w& ;thobe 
pnedioted. 

The temperatures measured i n  SCS-43 thermal vacuum test  were much h igher  
than  p red ic t ed  temperatures f o r  t h e  LASA deployed conf igura t ion .  For 
s t eady- s t a t e  s imulated s o l a r  hea t ing  of t h e  test panel ,  outboard s p a r  
temperatures 120" t o  170"F, i n t e r c o s t a l  temperatures 115" t o  160"F, and 
s o l a r  c e l l  temperatures  145" t o  170°F w e r e  measured a t  var ious  l o c a t i o n s  
of t h e  test panel .  These va lues  are high compared wi th  previously p re -  
d i c t e d  design va lues  of approximately 80°,  l o o o ,  and 120'F f o r  t h e  out- 
board s p a r ,  i n t e r c o s t a l ,  and s o l a r  ce l l .  The tes t  r e s u l t s  w e r e  expected 
t o  be on t h e  high s i d e ,  p r imar i ly  because of a shroud f i x t u r e  t h a t  served 
as a s h i e l d  f o r  t h e  I R  lamps and prevented them from see ing  t h e  test 
panel  p o r t i o n  t h a t  w a s  sub jec t ed  t o  s imulated s o l a r  hea t ing .  During 
t h e  test, t h e  shroud became heated by t h e  I R  lamps, maintained r a d i a n t  
h e a t  in te rchange  wi th  t h e  pane l ,  and reduced t h e  r a d i a t i o n  view f a c t o r  
between t h e  pane l  and t h e  cold test chamber w a l l .  I f  t h e  shroud had 
been a c t i v e l y  cooled t o  main ta in  a temperature as low and cons tan t  as 
t h a t  of t h e  chamber w a l l  (-320°F), t h e  t es t  would have undoubtedly 
r e s u l t e d  i n  much lower o v e r a l l  temperatures .  

The test r e s u l t s  i nd ica t ed  s m a l l  l o c a l  thermal g rad ien t s  i n  t h e  test 
panel  s t r u c t u r e .  Maximum thermal g r a d i e n t s  f o r  t h e  one-Sun s imulated 
hea t ing  r e s u l t e d  i n  approximately 30°F i n  t h e  outboard s p a r  and 10°F i n  
one i n t e r c o s t a l ,  These w e r e  compared wi th  t h e  ca l cu la t ed  va lues  of 10 
t o  20°F. 

The tes t  r e s u l t s  provided a good c o r r e l a t i o n  wi th  pred ic ted  temperature 
response rates o r  thermal shock rates of t h e  s o l a r  cells i n  t h e  case of 
exposure t o  s o l a r  hea t ing  a f t e r  emergence from t h e  shadow. Figure 2-27 
p resen t s  time-temperature p l o t s  of t h e  s o l a r  cel ls  based on test va lues ,  
as shown i n  s o l i d  l i n e s ,  f o r  two r e p r e s e n t a t i v e  l o c a t i o n s  i n  t h e  test 
panel .  Pred ic ted  va lues  from the  f i r s t  q u a r t e r l y  r e p o r t ,  r e p l o t t e d  he re  
f o r  comparison, are shown as do t t ed  l i n e s .  The s lopes  of t he  t es t  and 
p red ic t ed  curves ind ica t ed  good agreement f o r  t h e  i n i t i a l  2 minutes of 
s o l a r  hea t ing  and d i sc losed  thermal shock rates as high as 140°F f o r  t h e  
f i r s t  minute. (Beyond t h i s  t i m e ,  comparison i s  less meaningful: t he  
e f f e c t  of t h e  heated shroud f i x t u r e  on t h e  test panel  temperatures would 
be  apprec i ab le  , as mentioned previous ly .  ) 

Good agreement w a s  a l s o  noted hetween test  and p red ic t ed  temperature 
response rates i n  an  i n t e r c o s t a l  member when t h e  pane l  a t  i n i t i a l l y  low 
temperatures w a s  subjec ted  t o  sudden one-Sun s imulated s o l a r  hea t ing .  
The temperature rise (Figure  2-28) w a s  on t h e  o rde r  of 50°F f o r  t h e  
f i r s t  minute of hea t ing .  
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2.5 STRESS-DEFORMATION ANALYSIS 

2 . 5 . 1  STRUCTURAZ, ANALYSIS OF STJBPANEL 1 

The changes i n  t h e  tiedown and shea r  t i e  system made i t  p o s s i b l e  t o  
reduce t h e  loads  a t  t h e  tiedown f i t t i n g  i n t e r f a c e  wi th  Subpanel 1 and 
t o  reduce t h e  la teral  s p a r  moment. Also, as a r e s u l t  of s h i f t i n g  the  
l o c a t i o n s  of two in t e rmed ia t e  tiedowns and shea r  ties t o  a l i g n  wi th  
e x i s t i n g  i n t e r c o s t a l  s t a t i o n s ,  t h e  i n t e r n a l  load d i s t r i b u t i o n  f o r  t h e  
ou te r  and c e n t e r  s p a r s  changed. I n  s p i t e  of t h e s e  changes, Subpanel 1 
is s t i l l  requi red  t o  t r ansmi t  a l l  of t h e  in-plane loads  t o  t h e  space- 
c r a f t  hinges and t o  react a l a r g e  p o r t i o n  of t h e  out-of-plane panel  
i n e r t i a  loads a t  S t a t i o n  123.7 through t h e  forward tiedown f i t t i n g s .  

The cen te r  h inge  i n t e r n a l  loads  w e r e  def ined  i n  d e t a i l  t o  a l low f o r  
b e t t e r  des ign  and test d e f i n i t i o n .  F igure  2-29 shows a summary of t h e  
cen te r  h inge  f i t t i n g  loads.  The loads  shown are jo in t -u l t ima te  loads  
based on a l i m i t  load of 1.5-g la teral  s i n u s o i d a l  v i b r a t i o n  inpu t  and 
two s a f e t y  f a c t o r s :  (1) u l t i m a t e  f a c t o r ,  1 . 2 5 ;  and (2) f i t t i n g  f a c t o r ,  
1 . 1 5 .  The 20,000-pound t h r u s t  load r ep resen t s  45% of t h e  t o t a l  shear  
load t r ansmi t t ed  t o  t h e  spacec ra f t .  Thus the  c e n t e r  hinges f o r  t h e  
two in-plane panel  assemblies  ca r ry  90% of the  t o t a l  shea r  load ,  and 
t h e  remaining 10% i s  c a r r i e d  by t h e  hinges on t h e  out-of-plane panel  
assemblies .  The o u t e r  spacec ra f t  hinges are no t  considered t o  ca r ry  
any of t h e  la teral  t h r u s t  loads ,  because they w i l l  have p o s i t i v e  clear- 
ance i n  t h a t  d i r e c t i o n  wi th  r e spec t  t o  t h e  spacec ra f t .  For t h e  c e n t e r  
hinge load a n a l y s i s ,  i t  has been assumed t h a t  t h e  spacec ra f t  i s  t rans-  
l a t i o n a l l y  r i g i d  ( a t  Po in t s  a and b i n  Figure 2-29; t h i s  r i g i d i t y  r e s u l t s  
i n  30% of t h e  moment produced by t h e  e c c e n t r i c i t y  of t h e  lower edge 
member n e u t r a l  a x i s  t o  t h e  b o l t  a x i s  being c a r r i e d  i n t o  Subpanel 1, and 
t h e  remainder being c a r r i e d  i n t o  t h e  spacec ra f t .  

Figure 2-30 shows another  sampling of t h e  i n t e r n a l  loads a t  a c r i t i c a l  
j o i n t  i n  Subpanel 1. 
an important s t r u c t u r a l  j o i n t  because i t  ties toge the r  t h e  d iagonal  
brace ,  ou te r  s p a r ,  la teral  s p a r ,  and tiedown f i t t i n g .  The s i g n i f i c a n c e  
of t h i s  j o i n t  i s  t h a t  i t  serves as a f o c a l  p o i n t  of t h r e e  r eac t ions :  
(1) i t  t ransmi ts  loads  from t h e  out-of-plane panel  assembly through t h e  
tiedown corner  f i t t i n g  ( 4 , 6 0 0  pounds); ( 2 )  i t  t r a n s f e r s  the  shea r s  from 
t h e  outboard panels  i n t o  MTA-1 (3,700 pounds); and (3)  i t  reacts t h e  
tiedown normal loads t o  t h e  pane l  ( 4 , 1 0 0  pounds and 4,400 pounds). The 
j o i n t  loads  shown i n  F igure  2-30 are jo in t -u l t ima te  loads and inc lude  
t h e  e f f e c t s  both of v i b r a t i o n  and of tiedown preloads.  

The forward tiedown f i t t i n g  a t  S t a t i o n  123.7 i s  
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A summary of t y p i c a l  stress a n a l y s i s  r e s u l t s  f o r  Subpanel 1 i s  presented  
i n  Table 2-5. 
i n t e r n a l  loads ,  which r ep resen t  t h e  f i n a l  set of i n t e r n a l  loads  f o r  
Phase I. 
pre loads ,  and temperature  were accounted f o r  i n  t h e  stress a n a l y s i s .  
With t h e  except ion  of t h e  i n t e r c o s t a l s  and t h e  cen te r  s p a r ,  t h e  c r i t i ca l  
v i b r a t i o n  d i r e c t i o n  f o r  a l l  members and j o i n t s  i n  Subpanel 1 i s  v ib ra t ion -  
p a r a l l e l  t o  t h e  p lane  of t h e  pane l  conta in ing  t h e  members ( t h e  in-plane 
panel ) .  For t h e  c e n t e r  s p a r  and i n t e r c o s t a l s  t h e  c r i t i c a l  v i b r a t i o n  i s  
normal t o  t h e  p lane  of t h e  pane l  ( t h a t  is ,  out-of-plane). Three gene ra l  
types of areas w e r e  analyzed: t h e  b a s i c  bery l l ium members, t h e  t i t an ium 
f i t t i n g s ,  and t h e  s p l i c e s  o r  j o i n t  areas t h a t  connect t h e  members t o  t h e  
f i t t i n g s  . 

Subpanel 1 stress a n a l y s i s  w a s  performed wi th  t h e  la tes t  

The e f f e c t s  of v i b r a t i o n ,  s u b s t r a t e  pre load ,  tiedown system 

The bery l l ium members, such as t h e  outboard s p a r  o r  a la te r  s p a r ,  w e r e  
s i z e d  wi th  an  u l t i m a t e  f a c t o r  of s a f e t y  of 1.25. 
w e r e  considered:  (1) tens ion  f a i l u r e  i n  t h e  bery l l ium;  (2) compressive 
y i e l d  o r  c r i p p l i n g  of t h e  c r o s s  s e c t i o n ;  (3) s e v e r a l  member i n s t a b i l i t y  
( inc luding  beam-column e f f e c t s  where a p p l i c a b l e ) ;  and ( 4 )  adhesive bond 
f a i l u r e s  due t o  excess ive  shea r  stresses. 

Four modes of f a i l u r e s  

Table 2-5: MTA-1 STRESS ANALYSIS SUMMARY---BERYLLIUM 

Member 
Margin of 

Cr i t ica l  Condition* Safe ty  

Outboard s p a r  In-plane panel  v i b r a t i o n ;  +o e 00 
channel c r i p p l i n g  due t o  
combined a x i a l  and bending 
loads  

Lateral spa r  In-plane panel  v i b r a t i o n ;  
( S t a t i o n  123.7) spa r  cap t ens ion  due t o  

la teral  s p a r  bending 

Lower edge In-plane panel  v i b r a t i o n ;  
member 
( S t a t i o n  10.5) due t o  combined a x i a l  and 

Sun s i d e  s p a r  cap c r i p p l i n g  

bending loads 

Diagonal 
brace  

In-.plane panel  v i b r a t i o n ;  
channel c r i p p l i n g  due t o  
combined a x i a l  and bending 
loads 

+O. 04 

+O. 06 

+o . 00 

*Using u l t i m a t e  s a f e t y  f a c t o r  of 1.25, appl ied  t o  l i m i t  loads obtained 
from 1.5-g s i n e  v i b r a t i o n  input .  
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Once t h e  beryl l ium channels and spa r  caps had been s i z e d ,  t h e  f i t t i n g  
a reas  w e r e  designed and analyzed t o  provide a 1.15 f a c t o r  of s t r e n g t h  
over t h e  b a s i c  member c a p a b i l i t y .  
are terminated a t  a f i t t i n g ,  i t  is  necessary t o  provide both top and 
s i d e  spl ice  p l a t e s  (u sua l ly  beryl l ium) heavier  than  t h e  member gages. 
S u f f i c i e n t  bond lengths  are provided a t  the  s p l i c e s  t o  develop t h e  f u l l  
s t r e n g t h  of t h e  s p l i c e  p l a t e  material. I n  gene ra l ,  t h e  t i t an ium f i t t i n g s  
are no t  h ighly  s t r e s s e d  and are of minimum p r a c t i c a l  gages,  wi th  t h e  
except ion  of increased  land th icknesses  a t  weld l o c a t i o n s  and a t  areas 
of high stress i n t e n s i t y .  The use  of t i t an ium f o r  f i t t i n g s  w a s  d i c t a t e d  
by two p r i n c i p a l  s t r u c t u r a l  requirements:  (1) t h e  need f o r  prevent ing 
high l o c a l  stresses, commonly found i n  f i t t i n g  areas, from occurr ing  i n  
beryl l ium; (2) t h e  n e c e s s i t y  f o r  choosing a material wi th  a c o e f f i c i e n t  
of thermal expansion as c l o s e  t o  t h e  bery l l ium c o e f f i c i e n t  of thermal 
expansion as p o s s i b l e ,  t o  minimize r e s u l t i n g  thermal stresses i n  the  
adhesive . 

Because t h e  caps and channels o f t e n  

Figure 2-31 shows t h e  e s s e n t i a l  po in t s  a s soc ia t ed  wi th  stresses due t o  
d i f f e r e n t i a l  thermal expansion t h a t  w i l l  occur i n  an adhesive j o i n t  
involving two d i s s i m i l a r  metals. The shear  stresses t h a t  e x i s t  i n  t h e  
adhesive are a func t ion  of t h e  shea r  modulus and th ickness  of t he  adhe- 
s i v e ,  t h e  th ickness  and e l a s t i c  modulus of t h e  two p l a t e  materials,  t he  
c o e f f i c i e n t  of thermal expansion f o r  each material, t h e  incremental  
change i n  temperature ,  and f i n a l l y ,  t o  a smaller degree,  t h e  length  of 
t h e  bond. The curves shown i n  F igure  2-31 compare t h e  adhesive shear  
stress d i s t r i b u t i o n  t h a t  would occur during boos t  and a t  t h e  end of a 
3-hour postboost  thermal soak per iod i f  aluminum o r  t i t an ium w e r e  bonded 
t o  beryl l ium. The high shea r  stresses induced by an aluminum-to- 
beryl l ium bonded j o i n t  are no t  accep tab le  i n  view of cu r ren t  adhesive 
al lowables  

2.5.2 STRUCTURAL ANALYSIS OF SUBPANELS 2 THROUGH 5 

The changes i n  the  t i e d o m  system, t h e  r e l o c a t i o n  of two l i n e s  of i n t e r -  
mediate shear  t ies ,  and t h e  a d d i t i o n  of a number of shear  t ies requi red  
t h a t  t h e  i n t e r n a l  loads and stress analyses  app l i cab le  f o r  Subpanels 
Units  2 through 5 be  updated. 
d i s t r i b u t i o n  t h a t  e x i s t s  i n  Subpanel Uni t s  2 through 5 f o r  a 1.5-g 
la te ra l  s i n u s o i d a l  v i b r a t i o n  input .  Subpanel Units  2 through 5 ca r ry  
r e l a t i v e l y  s m a l l  a x i a l  loads aad t h e i r  predominant design load is  a 
bending moment. However, t h e  Subpanel Unit  2 ou te r  s p a r s ,  loca ted  i n  
t h e  in-plane panel ,  s h a r e  a po r t ion  of t h e  a x i a l  load from Subpanel 1 
as a r e s u l t  of t h e  i n t e r a c t i o n  of t he  shear  t ies ;  Subpanel 5A l a t e ra l  
s p a r s  ca r ry  a s i g n i f i c a n t  a x i a l  load as a r e s u l t  of i n t e r f a c i n g  wi th  
t h e  tiedown system. 

Table 2-6 shows a t y p i c a l  i n t e r n a l  load 
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TABLE 2-6. OUTER SPAR DISTRIBUTION OF MAXIMUM LOADS 
RESULTING FROM N = 1.5-g VIBRATION INPUT 

Out-of-Plane Panel  In-Plane Panel  

Out-o f -P l ane  
Moment 

(inch-pounds) 

2 150 

Out-of-Plane 
Moment 

(inch-pounds) 

1230 

1100 

950 

860 

8 10 

795 

790 

7 80 

76@ 

705 

605 

330 

Axia l  Load 
(pounds) 

Axial Load 
( p ounds ) 

220 

84 

73 

50 

26 

12 

8 

8 

36 

70 

180 

500 

Sub p ane 1 

2 B  

2M 

2A 

3B 

3M 

3A 

4B 

4M 

1950 

950 4 10 

350 142 

120 344 

34 388 

10 400 

4 

22 
i 

400 

390 

44 380 4A 

5B 

5M 

5A 

6 1  354 

105 2 80 

240 160 

The stress 
t h e  latest  

analyses  f o r  Subpanel Units  2 through 5 w e r e  performed with 
i n t e r n a l  loads r ep resen t ing  t h e  f i n a l i z e d  set  of i n t e r n a l  

loads f o r  Phase I. 
ana lyses  performed on these  panels .  A computer program w a s  formulated 
t h a t  can s o l v e  f o r  t he  minimum weight s e c t i o n  p r o p e r t i e s  i n  terms of cap 
and channel gages requi red  t o  produce p o s i t i v e  margins of s a f e t y .  

Table 2-7 summarizes the  r e s u l t s  of t h e  stress 

The use  of f i t t i n g s  o t h e r  than  shear  t ies  were kept  t o  a minimum i n  
Subpanels 2 through 5 .  This  w a s  poss ib l e  i n  view of the  reduced i n t e r -  
n a l  loads environment found i n  these  subpanels as compared t o  t h e  high 
i n t e r n a l  loads found i n  Subpanel 1. I n  several key areas, such as Sub- 
pane l  2B and 5A, wi th  r e l a t i v e l y  l a r g e  l o c a l i z e d  loads ,  t i t an ium f i t t i n g s  
were s p e c i f i e d .  I n  most cases, the  shea r  ties served t o  t ransmi t  n o t  
only shea r  loads  from subpanel t o  subpanel bu t  a l s o  t h e  normal loads 
between subpanels and the  concentrated r e a c t i o n s  between i n t e r s e c t i n g  
members, where poss ib l e  ( i . e * ,  i n  l i g h t e r  loaded a r e a s ) ,  beryl l ium 
gusse ts  and c l i p s  were used t o  t r a n s f e r  loads a t  member j o i n t s ,  pa r t i cu -  
l a r l y  a t  i n t e r c o s t a l s .  
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2.5.3 CHANGES I N  DESIGN OF MTA-4 CENTER SPARS 

A r e a n a l y s i s  of t h e  i n t e r n a l  loads using t h e  f i n a l  (second) i t e r a t i o n  of 
t he  dynamic loads showed t h a t  c e r t a i n  des ign  loads  used f o r  s i z i n g  were 
unconservat ive.  To understand t h i s ,  cons ider  t h e  i d e a l i z a t i o n s  used f o r  
t he  ana lyses  of t h e  dynamic and i n t e r n a l  l oads ,  shown i n  F igures  2-32 
and 2-33. 
be made i n  one computer run.  

Each of t h e s e  i d e a l i z a t i o n s  w a s  designed f o r  t h e  a n a l y s i s  t o  

Dynamic responses and e x t e r n a l  loads w e r e  ob ta ined  by us ing  the  idea l i za -  
t i o n  model shown i n  F igure  2-32. The spar -shear - t ie  system of t h e  out-  
of-plane panel  w a s  represented  as a s i n g l e  s p a r ,  s i x  r i g i d  shea r  t i e s ,  
and an  a x i a l  member (note  t h a t  each i n d i v i d u a l  pane l  i s  n o t  represented  
i n  e x p l i c i t  d e t a i l ;  r a t h e r ,  t h e  sum of i t s  e f f e c t s  along wi th  t h a t  of 
o the r  pane ls  is  used t o  cons t ruc t  an equ iva len t  b u t  s impler  e lement) .  

The i d e a l i z a t i o n  shown i n  Figure 2-32 w a s  used t o  c a l c u l a t e  t h e  center-  
s p a r  i n t e r n a l  loads  r e s u l t i n g  from out-of-plane v i b r a t i o n  responses .  
Note t h a t  only t h e  mob i l i t y  of t he  p o i n t s  a t  S t a t i o n s  10.1, 123.7, and 
169.9 are common t o  both i d e a l i z a t i o n s .  S t a t i o n  10 .1  w a s  considered t o  
be a s imple pinned suppor t ,  whereas S t a t i o n s  123.7 and 169.9 w e r e  con- 
s ide red  as s imple s p r i n g  suppor ts  wi th  no coupl ing between sp r ings .  

It w a s  discovered t h a t  t h e  d e f l e c t i o n s  a t  t h e  sp r ing  boundaries of Fig- 
u re  2-32 d i d  not  agree  wi th  those p red ic t ed  by t h e  second dynamic a n a l y s i s  
based on Figure  2-33. 
coupled, no t  independent as w a s  o r i g i n a l l y  assumed. 

The sp r ings  a t  S t a t i o n s  123.7 and 169.9 are 

A r e a n a l y s i s  of t h e  i n t e r n a l  loads w a s  made on t h e  b a s i s  of t h e  s t i f f n e s s  
c h a r a c t e r i s t i c s  of S t a t i o n s  123.7 and 169.9, taken from t h e  second dynamic 
ana lys i s .  The r e s u l t s  of t h i s  a n a l y s i s  i n d i c a t e  t h a t  t he  i n t e r n a l  loads  
f o r  t he  center-spar  design w e r e  found t o  be unconservat ive below S t a t i o n  
110. A l l  o t h e r  s t r u c t u r a l  elements of t h e  LASA design are conserva t ive ly  
s i zed .  

Figure 2-34 compares t h e  de f l ec t ed  shape of t h e  c e n t e r  s p a r  f o r  t h e  
o r i g i n a l  loads a n a l y s i s ,  a s ' w e l l  as t h e  latest  dynamic and i n t e r n a l  
loads  analyses .  

The center-spar  gages shown ir, Table 2-8 have been r e s i zed .  
r e s u l t e d  i n  a weight i nc rease  of only 12 pounds. 

The change 
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2.5.4 THE BOOST TIEDOWN SYSTEM 

The boost  tiedown system ( s e e  F igure  2-35) provides  a c i r cumfe ren t i a l  
method of binding t h e  four  s o l a r  pane ls  of t h e  a r r a y  i n t o  a semi r ig id  
s t r u c t u r e  t h a t  w i l l  wi ths tand  the  r i g o r s  of t h e  launch environment. 
Subpariel1,designed t o  suppor t  1 2  subpanels ,  is  supported by t h e  space- 
c r a f t  w i th  t h r e e  hinges.  The subpanels are t i e d  t o  Subpanel 1 by a 
system of shea r  t i e  connect ions h e l d  i n  p l ace  by pre-tensioned cables  a t  
s i x  s e l e c t e d  s t a t i o n s .  Each s o l a r  pane l  i s  under a compression f o r c e  a t  
1 2 ,  15, o r  18 p o i n t s ,  depending upon i t s  s i z e .  The s i x  c i r cumfe ren t i a l  
cab le s  working i n  conjunct ion  wi th  shea r  members between panels  t i e  a l l  
pane l  assemblies  i n t o  a s i n g l e  s t r u c t u r a l  u n i t .  

Pre-tensioned cen te r  t i e  cab le s  maintain t h e  s h e a r  t e e t h  i n  engagement 
along t h e  c e n t e r  s p a r .  There are f o u r ,  f i v e ,  o r  s i x  of t hese  t ies ,  
depending upon t h e  pane l  s i z e .  
a t  S t a t i o n  123.7. 

Figure 2-36 shows t h e  c e n t e r  t i e  f i t t i n g s  

The primary load pa ths  between t h e  four  s o l a r  pane ls  of t h e  a r r a y  are a t  
S ta ions  123.7 and 169.9. The f i t t i n g s  a t  the  corners  between ad jacent  
panels  can ca r ry  both in-plane and out-of-plane loads .  The o t h e r  four  
tiedown s t a t i o n s  ca r ry  out-of-plane loads.  

The boos t  tiedown system r e q u i r e s  machined t i t an ium f i t t i n g s  a t  primary 
tiedown S t a t i o n s  123.7 and 169.86 and a t  in te rmedia te  tiedown S t a t i o n s  
10.5, 55.46, 100.15, and 147.24 on Subpanel 1 t o  react t h e  cab le  preloads 
i n t o  t h e  subpanel  s t r u c t u r e .  The in te rmedia te  tiedown f i t t i n g s  are 
loca ted  w i t h i n  the  outboard s p a r  assemblies  on t h e  dark s i d e  only. 
f i t t i n g  has  an i n t e g r a l l y  machined shea r  bulkhead t o  e f f i c i e n t l y  react t h e  
tiedown cab le  pre loads .  Electron-beam (E-B) welding i s  used t o  a t t a c h  
t h e  t i t an ium c loseout  caps t o  t h e  machined f i t t i n g s .  

Each 

S t a t i o n  123.7 tiedown f i t t i n g  is  a primary tiedown on Subpanel 1. In te-  
g r a l  machined lugs  extend from t h e  dark-side t i t an ium f i t t i n g  t o  provide 
t h e  load pa th  f o r  tiedown loads  i n t o  t h e  outboard s p a r ,  l a t e ra l  s p a r ,  and 
diagonal  brace .  A sun-side shear  t i e  f i t t i n g  has  been incorpora ted  
a t  S t a t i o n  123.7 t o  provide s t r u c t u r a l  c a p a b i l i t y  t o  react compression 
loads through t h e  shea r  t ies from the  tiedown preload and t o  react dynamic 
shea r  loads between Subpanels 1 and 2. 

2.5.5 STRUCTURAL ANALYSIS OF BOOST TIEDOWN SYSTEM 

The. boonk f i e d o w n  ayhkem wah modid ied  i n  ;the k K h d  qu&e.h Ro heduce 
ivLte.hnd Loach and 6pWL w&Lgkt. 

The boos t  tiedown system serves t h r e e  func t ions :  (1) a s u i t a b l e  way t o  
preload t h e  subpanels s o  t h a t  s epa ra t ion  does not  occur during boos t ,  

‘i 
P 
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(2)  e f f i c i e n t  of t ransmiss ion  of i n t e r n a l  l oads ,  and (3) a r e l i a b l e  
release system requ i r ed  f o r  pane l  deployment. 

The s t r u c t u r a l  e f f i c i e n c y  of t h e  primary.t iedown system is  shown by t h e  
reduct ion  of la teral  s p a r  i n t e r n a l  loads and weight .  Figure 2-37 com- 
pa res  t h e  i n t e r n a l  moment and la teral  s p a r  weight f o r  two types of  tie- 
down systems la teral  s p a r  corner  d e t a i l s .  The b a s i c  d i f f e r e n c e  between 
t h e  two systems lies i n  t h e  type  and manner of f i x i t y  provided t o  each 
f i t t i n g .  I n  t h e  b a s e l i n e  type  of corner  d e t a i l  (Type l), a s i n g l e  p in  
w a s  provided a t  t h e  i n t e r s e c t i o n  of t he  n e u t r a l  a x i s  f o r  t h e  two ad jacen t  
Subpanel 1 members, and a f u l l  f i x i t y  w a s  provided a t  Sec t ion  A-A, 
r ep resen t ing  t h e  i n t e r f a c e  between t h e  f i t t i n g  and Subpanel 1. 
s t r u c t u r a l  arrangement r e s u l t e d  i n  excess ive  moments a t  Sec t ion  A-A 
and w i t h i n  t h e  subpanel  la teral  s p a r s ,  as a r e s u l t  of t h e  l a r g e  d i s t a n c e  
between t h e  p i n  and Sec t ion  A-A. By l o c a t i n g  two p ins  much c l o s e r  t o  
t h e  i n t e r f a c e  Sec t ion  A-A ( a s  shown f o r  Type 2 ) ,  i t  w a s  p o s s i b l e  t o  
reduce s i g n i f i c a n t l y  t h e  moments a t  the  f i t t i ng - to - spur  i n t e r f a c e  and 
throughout t h e  l a te ra l  s p a r  system. The n e t  weight sav ings  due t o  t h i s  
rqduct ion  i n  i n t e r n a l  loads  is  10 pounds p e r  a r r a y .  

This 

F igure  2-35 shows i n t e r n a l  l oad  c h a r a c t e r i s t i c s  of t h e  new tiedown 
system. I n  p a r t i c u l a r ,  t h e  loads are f o r  a 1.5-g lateral s i n u s o i d a l  
v i b r a t i o n  inpu t .  P,-loads are t h e  maximum normal loads  t h a t  act  between 
subpanels.  The V, loads  are t h e  maximum shea r  loads  t h a t  act  a t  t h e  
shea r  t ies  along t h e  a x i s  of t h e  o u t e r  and cen te r  s p a r s ;  t h e  V i  loads 
are t h e  maximum shear  loads t h a t  act  a t  t h e  shea r  t ies ,  which are 
o r i en ted  along t h e  axis of the la teral  spa r s .  A t y p i c a l  d i s t r i b u t i o n  of 
t h e  tiedown cab le  loads  and p i n  r e a c t i o n s  i s  shown a t  Sec t ion  D-D f o r  
t h e  new corner  f i t t i n g  a t  S t a t i o n  123-.7. One of t h e  cable  loads i s  shown 
a c t i n g  i n  compression; however, because these  loads  are r e p r e s e n t a t i v e  of 
only t h e  a l t e r n a t i n g  v ibra t ion- load  component, they w i l l  be  prevented 
from going i n t o  compression by a s u f f i c i e n t  preload.  

The pre load  requirements f o r  t h e  modified tiedown system have been 
e s t a b l i s h e d ,  and are i d e n t i f i e d  i n  Figure 2-38. The requirements are 
e s t a b l i s h e d  by ensuring t h a t  no cab le  goes i n t o  compression during 
v i b r a t i o n ;  t h a t  a l l  shea r  ties have a p o s i t i v e  clamp-up load during 
v i b r a t i o n ;  and t h a t  excess ive  deformation does not  cause the  release 
system t o  func t ion  a c c i d e n t a l l y  during boos t  v i b r a t i o n .  Once t h e s e  
requirements have been e s t ab l i shed ,  a s a f e t y  f a c t o r  of 1.25 i s  appl ied  
t o  t h e  pre load  va lue  t h a t  w i l l  j u s t  m e e t  t h e  requirements s t a t e d  above. 
This new va lue  i s  then  def ined  as t h e  l imi t - load  condi t ion  f o r  t h e  
pre load  component. 
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EXISTING TIEDOWN SYSTEM 
LATERAL SPAR CORNER DETAIL 

---- h-{1---- A 
I 

,-A 

BASEL I N E-TY PE TIE DOWN STYSTE M 
LATERAL SPAR CORNER DETAIL 

TYPE 2 TYPE 1 

Maximum Moment At 
To Subpanel 1 interface 16000 
4 4 4 4 )  In-Lbs 

4000 

Maximum Lateral Spar 
Moments (Total For 
Subpanel Unit) In-Lbs 

Subpanel 1 11 800 5900 
Subpanel 2 13100 10500 
Subpanel 3 7350 6500 

7200 6500 
8300 Subpanel 4 

Subpanel 5 6800 

LATERAL SPAR WEIGHT DIFFERENCE PER ARRAY DUE TO 
HIGHER LOADS IN TYPE@ TIEDOWN IS io LBS. 

Ratio Of 

4.0 

2.0 
1.3 
1.1 
1.1 
0.8 

Figure 2-37: COMPARISON OF TIEDOWN SYSTEM 
STRUCTURAL EFFICIENCY 
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P (Center Spar) /---- 
Jter Spar) 
(Typical) 

Outer Spar Cable Preload 

Type Of 
T iedow n 

intermediate 

Intermediate 

Intermediate 
Main 
intermediate 
Main 

P (Outer Spar) 
(Ib) 

755 
240 
288 

2240 
154 
288 

Center Spar Cable Preload 

P (Center Spar) 
(Ib) 

1090 
280 
455 
272 
216 
115 

Figure 2-38: TIEDQWN PRELOAD REQU I REMENTS 
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2.5.6 SHEAR T I E  DESIGN 

The boost  tiedown system pre loads  the  stowed subpanels  t o  make them act 
as a s t r u c t u r a l  u n i t  dur ing  boost .  The primary shea r  t r a n s f e r  members 
are t h e  t i t an ium shea r  t i e  f i t t i n g s  ( inc luding  shea r  t e e t h  and compres- 
s i o n  pads) between each of t h e  1 3  stowed subpanels.  
provides  shea r  con t inu i ty  from outboard Subpanel 5 A  t o  inboard Subpanel 
1. Figure 2-39 shows t h e  l o c a t i o n s  of t h e  shear  t ies  and t h e  number of 
shea r  t e e t h  a t  each l o c a t i o n .  The Z shea r  t e e t h  and X-Z shea r  t e e t h  
i n d i c a t e  t h e  load d i r e c t i o n  c a p a b i l i t y  a t  each loca t ion .  

This arrangement 

An X-Z shea r  t i e  j o i n t  assembly i s  shown i n  Figure 2-40. The t i t an ium 
compression pad-angle serves a l s o  as a shear  c l i p  t o  t r ansmi t  shear  from 
the  la teral  s p a r  t o  t h e  outboard spa r .  

Figure 2-41 shows a t y p i c a l  shear  t i e  assembly c ros s  s e c t i o n .  The shear  
t e e t h  f i t t i n g s  are machined wi th  a mul t ip le - too th  c u t t e r  t h a t  provides  
minimum a d d i t i v e  to l e rances  i n  t h e  t e e t h .  The shear  t e e t h  and com- 
p res s ion  pads are machined from 6A1-4V t i tan ium p l a t e  and bonded wi th  
AF-126 epoxy adhesive.  The shea r  t i e  assembly provides  a d i r e c t  load 
path through t h e  s t a c k  and minimizes compression loading of t h e  
beryl l ium s p a r  c ros s  s e c t i o n .  

Alignment of t h e  shea r  t e e t h  during t h e  bonding assembly sequence i s  a 
c r i t i c a l  manufacturing opera t ion .  Frame subassembly j i g s  and a con- 
t r o l l e d  manufacturing sequence a l i g n  t h e  shear  t i e  assemblies  during t h e  
bonding opera t ion .  The shea r  t e e t h  are independent f i t t i n g s  t h a t  can be 
ad jus ted  and shimmed on t h r e e  axes t o  match the  ad jo in ing  subpanel 
during t h e  bonding opera t ion .  

2.5.7 STRUCTURAL ANALYSIS OF SHEAR TIES 

The shear  t ies transmit shea r  loads  and normal loads through the  panel  
s t a c k  and provide t h e  shear  con t inu i ty  necessary t o  s t i f f e n  the  panels .  
To s a t i s f y  the  f i r s t  requirment,  shear  ties are loca ted  both along the  
l o n g i t u d i n a l  ou te r  and ceter spclrs and along t h e  lateral  s p a r s  and edge 
members, and are thus  capable  of r e s i s t i n g  m u l t i d i r e c t i o n a l  loads.  Fig- 
u re  2-42 shows a t y p i c a l  c ros s  s e c t i o n  f o r  a shear  t i e  mated t o  a beryl-  
lium s p a r  s e c t i o n  and i n d i c a t e s  how the  beryl l ium spa r  is  bypassed whi le  
car ry ing  a normal load  through t h e  sec t ion .  
c a r r i e d  through t h e  t i t an ium f e e t ,  thus  r e l i e v i n g  t h e  beryl l ium channels 
from s u s t a i n i n g  h igh  l o c a l i z e d  bending and crushing stresses. The 
l o c a t i o n  of shear  t ies  throughout the  pane l  assembly w a s  d i c t a t e d  by t h e  
need f o r  s u f f i c i e n t  s t i f f n e s s  t o  m e e t  envelope requirements without 
undue inc reases  i n  s t r u c t u r a l  weight. 

The normal loads w i l l  be 
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@ = Z-Shear Teeth 

@ = X-Z Shear Teeth 

MTA-24 

Uni* I t5 
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r 
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I 

a 

E 
Unii 

t Z  

No. 
1 *Nos. indicate sty of 

PANEL ASSEMBLY - MTA-4 
individual teeth' ftgs 
at each location. 

Each location includes the Sun side & dark side.  

The quantity indicates number of teeth per side of each subpanel 
that has mating subpanel teeth. 

Figure 2-39: SHEAR-TI E LOCATI ONS 
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C i  

DESCR I PT 1 0 N 

,i 

Bond Length Requirement 

NOMENCLATURE 
N Clamp Load 
S Shear Load 
m Number of Teeth 

Figure 2-42: STRESS SUMMARY FOR per Tie 
Ramp Angle 

f Friction Factor TYPICAL SHEAR-TIE FITTING 
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2.5.8 THERMAL DISTORTION 

Figure 2-43 shows a center spar temperature distribution. The tempera- 
tures of Elements 2 and 19 essentially determined the curvature of the 
array. The curvature of the center spar is: 

I QAT 
R D  
- =- 

Where: (Y = Coefficient of thermal expansion; 

AT = Temperature differential of the extreme fibers; 

D = Depth of spar; 

L = Length 

For AT being constant length and assuming the beam is cantilevered, the 
tip deflection and slope are, respectively: 

2 L OAT 6 Tip = - 2RD 

W T  9Tip = - 2RD 

For the dimensions and temperatures shown in Figure 2-43: 

6Tip = 4.45 inches or approximately 1% of span; 

9Tip = 0.60 degrees. 

Such deformations are inconsequential. 

z 

3 
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3.0 RELEASE AND DEPLOYMENT I N  SPACE 

This s e c t i o n  desc r ibes  t h e  so la r -a r ray  deployment system. The t i m e -  
h i s t o r y  of a so la r -panel  assembly deploying i n  space i s  d iscussed ,  and 
t h e  loads  imposed on t h e  s t r u c t u r e  and mechanisms by the  p red ic t ed  
space-deployment motions are analyzed. 

3 .1  DESCRIPTION OF SOLAR-ARRAY TIEDOWN-RELEASE 
AND DEPLOYMENT SYSTEM 

, 

The so la r - a r r ay  conf igu ra t ion  release and deployment mechanisms must, 
upon command and i n  proper  sequence, extend and lock  the  a r r a y  i n t o  i t s  
deployed pos i t i on .  The release and deployment mechanisms designed t o  
s a t i s f y  t h i s  requirement have t h r e e  s e p a r a t e  func t ions :  release of t h e  
tiedown system, deployment of t h e  main subpanels ,  and deployment of t he  
a u x i l i a r y  subpanels.  

The release of t h e  tiedown f o r  t h e  four  so la r -panel  assemblies  is  
accomplished s imultaneously by t h e  f i r i n g  of an  ordnance p in- re lease  
device  loca ted  a t  s o l a r  pane l  S t a t i o n  123.7. 
tiedowns except  t h e  one on the  center spa r  a t  S t a t i o n  123.7. 

This device  releases a l l  

Figure 3-1 shows t h e  release mechanisms a t  S t a t i o n s  123.7 and 169.86. 
The release of t h e  tiedown s t r u c t u r a l  system is a c t i v a t e d  by four  
primary ordnance p in- re lease  devices  t h a t  release a mechanical t r a i n  a t  
each of t h e  four  corners .  

Five of t h e  s i x  center-spar  t i e  cables  are r e l eased  mechanically by t h e  
c i r cumfe ren t i a l  cab le ,  as shown i n  Figure 3-2. The i n d i v i d u a l  cab les  
are pre-tensioned p r i o r  be fo re  t h e  s o l a r  pane l  is  f i t t e d  t o  t h e  space- 
c r a f t  on t h e  pad. A clamping device  keeps t h e  cables  t a u t  u n t i l  i t  i s  
r e l eased  by the  c i r cumfe ren t i a l  cables .  

The s i x t h  cen te r  s p a r  t ie ,  a l s o  shown i n  Figure 3-2 and loca ted  a t  
S t a t i o n  123.7, i s  pre-tensioned be fo re  panel  i n s t a l l a t i o n .  This t i e  is  
r e l eased  by f i r i n g  an ordnance-actuated cab le  c u t t e r  s imultaneously wi th  
a c t u a t i o n  of t he  deployment motor a f t e r  a l l  o t h e r  ties have been r e l eased  
and c i r cumfe ren t i a l  cab le s  havz been e j ec t ed .  The s i x t h  t i e  prevents  
i nadve r t en t  p a r t i a l  deployment of t h e  s o l a r  subpanel s t a c k  during t h e  
coas t  per iod  and acts as a clamp during boost .  
c u t t e r  ordnance and a c t u a t i o n  of t h e  deployment motor i n i t i a t e s  
deployment. 

The f i r i n g  of t he  cab le  
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The main subpanel  deployment system c o n s i s t s  of four  deployment motors 
l oca t ed  w i t h i n  t h e  s p a c e c r a f t  envelope, as shown i n  F igure  3-3. 
deployment cables  are r igged s o  t h a t  d i ame t r i ca l ly  oppos i te  pane ls  are  
d r iven  by two motors ope ra t ing  i n  p a r a l l e l .  Each motor opera tes  as t h e  
primary d r i v e  f o r  t h e  pane l  assembly mounted ad jacent  t o  t h e  motor and, 
i n  a d d i t i o n ,  each motor serves as t h e  backup d r i v e  f o r  t h e  pane l  assembly 
mounted opposi te .  

The 

The deployment motor (F igure  3-4)  inc ludes  a globe-type SS subminiature  
dc motor, r o t a t i n g  a t  7,850 rpm as a prime mover. The winch drum must 
r o t a t e  a t  0.265 rpm t o  produce t h e  requi red  cab le  rate of 2 inches pe r  
minute. The requi red  o v e r a l l  t ransmiss ion  r a t i o  is 7,850:0.265 
= 29,622:l. This r a t i o  is  obtained i n  two s t ages :  

1) 185: l  (approximate)---hermetically sea l ed  harmonic d r i v e  and plane- 
t a r y  f i r s t  s t a g e ;  

2) 160:l---harmonic-drive second s t a g e .  

The motor d r i v e s  the  inpu t  t o  t h e  f i r s t  s t a g e ,  which is  a b a l l  p lane tary-  
type  wave genera tor .  The output  i s  t h e  c i r c u l a r  s p l i n e ,  and t h e  bell-cup 
shaped, hermet ica l ly  sea l ed  f l e x s p l i n e  i s  he ld  r o t a t i o n a l l y  s t a t i o n a r y .  

A s  subsequent main subpanels are deployed, t h e  previous a u x i l i a r y  sub- 
panels  hinged on t h e  s i d e  of t h e  main subpanels are s e q u e n t i a l l y  unlatched 
and deployed by t o r s i o n  sp r ings .  The rate of deployment near t h e  la tch-  
i ng  p o s i t i o n  is  con t ro l l ed  by a s m a l l  r o t a r y  damper. When the  a u x i l i a r y  
subpanel reaches t h e  deployed p o s i t i o n ,  a n  overcenter  l a t c h  snaps i n t o  
p l a c e ,  locking t h e  pane ls  i n  a f l a t  plane.  

The d i r e c t i o n  of deployment of a l l  1 3  subpanels is  ind ica t ed  i n  Figure 
3-5. 

3.1.1 STRUCTURAL ANALYSIS OF RELEASE MECHANISM 

The h&&aAe mechardm w a ~  hnphoved by changing @.om a nimpRe mechanbm 
neqLLitting many ondnance devica ;to a motre nopkin;ticaked mechavLicd hljh;tem 
treqLLitting on ly  a ~ Q W  otrdw-nce dev iea .  

The requi red  number of tiedowns n e c e s s i t a t e d  an inc rease  i n  t h e  number 
of ordnance devices  f o r  t h e  ear l ie r  and mechanically simple mechanism. 
This i nc rease ,  i n  t u rn ,  decreased ope ra t iona l  r e l i a b i l i t y .  

4 

A more s o p h i s t i c a t e d  mechanical system f o r  release w a s  devised t h a t  would 
r e q u i r e  only a few ordnance devices:  
events  w a s  considered t o  b e  more r e l i a b l e  than a s i m i l a r  chain of 
ordnance events .  

a cha in  of mechanical ( l inkage)  
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There are problems a s soc ia t ed  wi th  bear ing ,  g a l l i n g ,  and sequence of 
releases. A stress a n a l y s i s  shows t h a t  bear ing  stresses are r a t h e r  high 
f o r  alodyn coa t ing  ( t h a t  i s ,  more than  20,000 p s i ) .  It  is  p o s s i b l e  t h a t  
such stresses could cause damage t o  t h e  coa t ings  and thereby l ead  t o  
g a l l i n g  and high f r i c t i o n .  
1.5-g dynamic r eve r s ing  inpu t  whi le  t h e  p ivo t s  are not  r o t a t i n g .  
t h e  deployment a f t e r  boos t ,  t h e  p i v o t s  must f r e e l y  r o t a t e .  Allowables 
f o r  t h i s  a p p l i c a t i o n  are n o t  p re sen t ly  a v a i l a b l e ;  however, i t  is  
be l ieved  t h a t  a conserva t ive  estimate of t h e s e  al lowables  w i l l  r e s u l t  i n  
an acceptab le  design.  

These stresses occur  during boos t ,  wi th  a 
During 

3 . 2  TIME-HISTORY 

The Large Area So la r  Array panel  assembly deploys i n  s e q u e n t i a l  motions 
of t h e  main subpanels and of t h e  a u x i l i a r y  subpanels  wi th  charac te r -  
i s t i c  motions f o r  each. Far t h e  main subpanels t hese  motions are a 
t r a n s i e n t  t ime-his tory r e s u l t i n g  from t h e  cab le  f l e x i b i l i t y  and a r r a y  
i n e r t i a  and a t r a n s i e n t  caused by the  locking fo rces .  For t h e  a u x i l i a r y  
pane ls ,  t h e  i n i t i a l  t ime-history r e s u l t s  from an  opening sp r ing  fo rce ,  
followed by a locking t r a n s i e n t .  

The ob jec t ives  of t h e  deployment a n a l y s i s  are t o  select  the  combination 
of parameters t h a t  w i l l  a l low con t ro l l ed  deployment wi th  minimized forces  
and moments. I n  a broad sense ,  t h i s  inc ludes  t h e  deployment motor speed, 
deployment cable  s t i f f n e s s ,  r e s t r a i n i n g  and opening sp r ing  s t i f f n e s s e s ,  
and v iscous  damper va lues .  Detail design of t h e  hinges and locking 
mechanisms depend on the  s e l e c t e d  combinations of opening v e l o c i t y ,  
cab le  s t i f f n e s s ,  r e t a r d i n g  and deploying sp r ings ,  and dampers. 

3.2.1 TIME-HISTORY MOTIONS 

The t ime-history motion of each group of panel  u n i t s  r o t a t i n g  about i t s  
h inge  is  con t ro l l ed  through t h e  major arc of t ravel  by a moment r e s u l t i n g  
from t ens ion  i n  t h e  deployment cable .  A t  t e rmina t ion  of r o t a t i o n  about 
each h inge ,  a t r a n s i e n t  o s c i l l a t i o n  occurs ,  superposed on an  i n i t i a l  
ve loc i ty .  There are i n i t i a l  condi t ions  t o  t h e  t ime-history of motion 
of t h e  next  sequence of deployment. When t h e  e f f e c t s  of c a b l e  f l e x i -  
b i l i t y ,  r e s t r a i n i n g  s p r i n g  fo rces ,  and dampers are examined, t hese  
i n i t i a l  condi t ions  are neglected.  

The time-motion h i s  t o ry  f o r  t h r e e  c h a r a c t e r i s  t i c  deployments is  shown 
by Figure 3-6. I n  A ,  t h e  i n e r t i a  of t h e  panel  assembly causes  more 
t ens ion  i n  t h e  cab le  than  requi red  f o r  s teady  deployment and t h e  pane l  
v e l o c i t y  inc reases  and overruns t h e  cab le  v e l o c i t y  t o  run f r e e  u n t i l  
t he  sequence te rmina tes ,  a t  which t i m e  i t  i n i t i a t e s  deployment of the  
next  sequence. The free-run v e l o c i t y  i s  t w i c e  t h a t  f o r  a r i g i d  cable ,  
consequently,  an uncont ro l led  deployment could r e s u l t .  
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Contro l l ing  t h e  motion i s  shown i n  B and C. 
w i th  a r e t a r d i n g  s p r i n g  i s  shown i n  B. 
one e igh th  and one q u a r t e r  of t h e  c a b l e  sp r ing  t o r s i o n  s t i f f n e s s  i s  
r equ i r ed  t o  prevent  overrunning. 
t w i c e  t h e  nominal opening speed (shown by t h e  s l o p e  of t h e  deployment 
curves) ,  and t h e  cab le  t ens ion  and moment can b e  l a rge .  
damper i n s t e a d  of a r e t a r d i n g  s p r i n g  r e s u l t s  i n  t h e  deployment h i s t o r y  
shown a t  C. 
v e l o c i t y ,  and t h e  moment a t  c l o s i n g  is known. 
sp r ing ,  having an  i n i t i a l  opening torque  followed by a r e s t r a i n i n g  
torque,  w a s  a l s o  examined. 
o s c i l l a t i o n  were exaggerated,  and t h e  approach w a s  discarded.  

A c h a r a c t e r i s t i c  deployment 
A t o r s i o n a l  s t i f f n e s s  between 

The v e l o c i t y  a t  c l o s i n g  can approach 

U s e  of a 

Here t h e  v e l o c i t y  a t  c los ing  can b e  c l o s e  t o  t h e  nominal 
A "biased" r e t a r d i n g  

The overshoot  tendencies  during t h e  f i r s t  

3.2.2 ANALYSIS OF TIME-HISTORY 

The c h a r a c t e r i s t i c  t ime-his tory shapes are shown i n  Figures  3-7, 3-8 
and 3-9. 
v e l o c i t y  t o  t h e  pane l  set t h a t  i s  equal  t o  nea r ly  t w i c e  t h e  nominal 
deployment v e l o c i t y .  
i ng  which t h e  r e t a r d i n g  s p r i n g  slows and reverses t h e  motion u n t i l  t h e  
cab le  is aga in  s t r e t c h e d .  The cyc le  then  r epea t s  u n t i l  t h e  f u l l  r o t a t i o n  
of t h e  sequence is  reached. The maximum v e l o c i t y  always occurs  a t  t h e  
end of t h e  f i n a l  cable- tension per iod.  
s e l e c t e d  so that t h e  sequence s t o p s  s h o r t l y  a f t e r  t h e  maximum v e l o c i t y  is  
a t t a i n e d .  
t h e  f i n a l  v e l o c i t y ,  and t h e  cab le  w i l l  b e  s l a c k  a t  normal terminat ion.  
For a l l  sequences,  however, t h e  t r a n s i e n t  loads f o r  des ign  w i l l  be  
determined by maximum ve loc i ty .  

During t h e  i n i t i a l  motion, t h e  cab le  s t r e t c h e s  and imparts  a 

The cab le  is  then  s l a c k  f o r  a longer  per iod ,  dur- 

The re ta rd ing-spr ing  f o r c e  i s  

Then p o s s i b l e  e f f e c t s  such as f r i c t i o n  w i l l  tend t o  reduce 

Figure 3-7 shows t ime-his tory curves a t  t h e  end of t h e  t h i r d  q u a r t e r  f o r  
maximum and minimum expected cab le  s t i f f n e s s  (117.5 and 40 pounds per  
inch) wi th  a r e t a r d i n g  s p r i n g  torque  of 4 pounds per  inch. The major 
d i f f e r e n c e  is i n  t h e  s h o r t e r  t i m e  per iods ,  dur ing  which t h e  s t i f f  cab le  
accelerates t h e  i n e r t i a .  A s  a r e s u l t ,  t h e  maximum v e l o c i t y  a t t a i n e d  
be fo re  c los ing  (0.032 rad ians  per  second is reached i n  a s h o r t e r  t i m e  and 
a t  a smaller angle .  
s o f t e r  cab le  spr ing .  
t o r q u e , i s  reduced. 

The f i n a l  v e l o c i t y  i s  then less than t h a t  f o r  t h e  
The e f f e c t  is  similar when t h e  r e t a r d i n g  sp r ing  

Figure 3-8 shows t h e  e f f e c t  of t h e  increased  deployment angle  wi th  t h e  
same s t i f f n e s s e s .  
0.016 rad ians  per  second on t h e  more f l e x i b l e  cable  t i m e  h i s t o r y .  
3-9 shows t h e  complete t ime-history curves f o r  Sequence 3 f o r  the 
s t i f f e s t  expected cab le  wi th  two va lues  of t h e  r e t a r d i n g  spr ing .  
t h e  i n t e r v a l  j u s t  be fo re  c los ing ,  similar curves f o r  t h e  most f l e x i b l e  
cable  have been added. The i n s e t  shows an  enlargement of t h i s  per iod.  

Also shown is  t h e  e f f e c t  of an i n i t i a l  v e l o c i t y  of 
Figure 

For 
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The parameters determing t h e  f i n a l  v e l o c i t y  f o r  t h e  a u x i l i a r y  panels  
are: deployed a r r a y  t o r s i o n  mode, a u x i l i a r y  pane l  opening s p r i n g ,  
a u x i l i a r y  pane l  i n e r t i a ,  and damper c h a r a c t e r i s t i c s .  For t h e  s e l e c t e d  
damper, a r ev i sed  opening sp r ing ,  and t h e  a u x i l i a r y  pane l  i n e r t i a  
r e s u l t i n g  from a n  increased  gap between main and a u x i l i a r y  pane ls ,  a 
f i n a l  v e l o c i t y  of less than  0.15 rad ians  pe r  second i s  obtained.  

The t ime-his tory motions f o r  t h e  main panels  are ca l cu la t ed  wi th  the  
assumption t h a t  t h e r e  i s  no coupling wi th  t h e  t r a n s i e n t  o s c i l l a t i o n  
motion. The folded panel  sets are considered r i g i d .  The cab le  s t i f f -  
ness  is g iven  an assumed maximum and minimum v a l u e ,  which relates t o  a 
high cable-quadrant f r i c t i o n  and t o  zero cable-quadrant f r i c t i o n .  

The d i f f e r e n t i a l  equat ion  used f o r  s o l u t i o n ,  developed i n  Boeing Docu- 
ment D2-113355-1, has  been expanded t o  inc lude  a viscous damping t e r m ,  
a v e l o c i t y  squared damping t e r m ,  an  i n i t i a l  cab le  t ens ion  t e r m ,  and a 
cons tan t  fo rce .  The gene ra l  form is: 

16 + D e  + (Kr 2 + k) 0 = K r V t  + K6, + Z - CDb 2 

D = Viscous damping term ( in . - lb / rad /sec)  

K = Cable s p r i n g  s t i f f n e s s  ( lb- in . )  

k = Retarding s p r i n g  torque  ( in . - lb / rad)  

r = Quadrant r ad ius  ( inch)  

V = Linear  c a b l e  v e l o c i t y  ( in . / s ec )  

t = T i m e  (seconds) 

e,= I n i t i a l  ang le  ( rad)  

Z = Constant appl ied  torque  ( in . - lb)  

2 
CD = Air-damping t e r m  ( in . - lb / ( rad /sec)  ) 

A r equ i r ed  r educ t ion  i n  the quadrant r a d i i  caused an  i n c r e a s e  of 8.6% 
i n  t h e  nominal opening rate of t h e  pane l  and a consequent i nc rease  i n  
t h e  c los ing  v e l o c i t y .  
rad lans  p e r  second w a s  used f o r  c a l c u l a t i o n  of t r a n s i e n t  loads.  

For des ign  purposes,  a c los ing  v e l o c i t y  of 0.035 

3-15 



D2-113355-6 

The t ime-his tory motions f o r  t h e  a u x i l i a r y  panels  assume 2 degrees  of 
freedom. 
a r r a y ;  t h e  second i s  r i g i d  r o t a t i o n  of t h e  a u x i l i a r y  pane l  about i t s  
hinge. The s o l u t i o n s  show only s m a l l  motions of t h e  a r r a y ,  i n d i c a t i n g  
t h a t  a good approximation could be  obtained wi th  a 1-degree-of-freedom 
s y s t em.  

The f i r s t  i s  t h e  f i r s t  t o r s i o n  mode of t h e  p a r t i a l l y  deployed 

3.3 IMPACT OF TRANSIENT LOADS 

A s  a consequence of locking  a t  t h e  end of each sequence, t r a n s i e n t  
o s c i l l a t i o n s  are superposed on t h e  i n i t i a l  r o t a t i o n a l  v e l o c i t y  of t h e  
fol lowing sequence. 
( l a s t  subpanel) t h e  motion is  descr ibed  i n  3 degrees  of freedom, and the  
d i f f e r e n t i a l  equat ions are so lved  by d i g i t a l  computer. 
opening sequence, t h e  t r a n s i e n t  o s c i l l a t i o n  is  descr ibed  i n  2 degrees 
of freedom, and t h e  equat ions  are so lved  by Laplace transforms. 

For a l l  combinations of u n i t s  except  t h e  f i f t h  

For t h e  l as t  

The t r a n s i e n t  fo rces  and o s c i l l a t i o n s  are caused by t h e  requirement t h a t  
t h e  r o t a t i o n a l  v e l o c i t y  of t h e  cont inuing u n i t s  must b e  reversed by a 
f o r c e  through t h e  h inge  connecting t o  t h e  (stopped) inboard panels .  Had 
t h e  r o t a t i o n  reversed  ins tan taneous ly ,  t h e  f o r c e  would be  i n f i n i t e .  The 
magnitude i s  measured by t h e  t i m e  i n t e r v a l  during which i t  b u i l d s  t o  
peak va lue ;  t h e  s h o r t e r  t h e  i n t e r v a l ,  t h e  more seve re  t h e  peak. Because 
t h e  s t i f f n e s s  of t h e  r e s i s t i n g  s t r u c t u r e  i s  g r e a t e s t  f o r  s h o r t  spans,  
maximum fo rces  can be  expected from t h e  i n i t i a l  sequences. 
of t he  f o r c e  i s  a l s o  d i r e c t l y  by propor t ion  t o  t h e  v e l o c i t y  t h a t  must be  
stopped; f o r  t hese  ana lyses  i t  i s  assumed t o  be equal  t o  t w i c e  t h e  
nominal ( r i g i d  cable)  v e l o c i t y .  This is t h e  maximum i f  t he  panels  are 
allowed t o  run  f r e e .  

The magnitude 

3.3.1 ANALYSIS OF TRANSIENT LOADS I N  MAIN SUBPANELS 

TmYlclient-Road anCLey6h wan heqLLitLed ;to dQ;tudne  L a a h  and mame& doh 
mechardm campane&. 

I n i t i a l  ana lyses  f o r  t r a n s i e n t  loads used b a s e l i n e  weight and s t i f f n e s s  
va lues .  F i r s t  i t e r a t i o n  s t r u c t u r a l  s t i f f n e s s  and t h e  appropr i a t e  weight 
d a t a  w e r e  then  incorporated.  I n  a d d i t i o n ,  improved i d e a l i z a t i o n  of t h e  
phys ica l  problem w a s  included and a d d i t i o n a l  panel  sequences analyzed. 
These had no t  been previous ly  analyzed because they w e r e  expected t o  be 
less c r i t i c a l .  The e f f e c t  of s t i f f n e s s  changes between the  f i r s t  
s t r u c t u r a l  i t e r a t i o n  and t h e  f i n a l  s t r u c t u r a l  i t e r a t i o n  w a s  then  
examined. 

Resonant f requencies  of a l l  modes used i n  the  t r a n s i e n t  loads analyses  
w e r e  ca l cu la t ed  using t h e  f i n a l  s t r u c t u r a l  i t e r a t i o n  da ta .  When com- 
pared wi th  f requencies  used i n  t h e  f i r s t  i t e r a t i o n ,  i n s i g n i f i c a n t  changes 
w e r e  found. Of g r e a t e r  importance w a s  t h e  inc rease  i n  c los ing  v e l o c i t i e s .  
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Design l i m i t  loads based on 0 t o  0.032 rad ians  per  second, and t h e  
f i n a l  des ign  l i m i t  load va lues  based on 0.035 r ad ians  pe r  second, are 
shown i n  F igure  3-10. 
increased  v e l o c i t y .  A s  expected,  t h e  added a n a l y s i s  f o r  Panels  3 and 
4 shows loadings  less c r i t i c a l  than  f o r  Panels  1 and 2. Values f o r  
Sequence 5 are not  shown because t h e  i n i t i a l  a n a l y s i s ,  which showed i t  
w a s  no t  c r i t i c a l ,  is  v e r i f i e d  by t h e  a n a l y s i s  t rend  of Panels  1, 2, 3, 
and 4 .  

The f i n a l  loads inco rpora t e  t h e  e f f e c t  of 

The s o l u t i o n s  f o r  t r a n s i e n t  loads assume t h a t  va lues  w i l l  reach maximum 
i n  the  f i r s t  seconds. Equations der ived  o r i g i n a l l y  f o r  l a r g e  ang le  
motions have been l i n e a r i z e d  f o r  s o l u t i o n .  Because t h e  system geometry 
i s  changing cont inuously during t h e  180-degree r o t a t i o n  t h a t  precedes 
the  next  t r a n s i e n t ,  a midsequence eva lua t ion  is  made as descr ibed  i n  
Sec t ion  3.3.2. Other assumptions used i n  t h e  i d e a l i z a t i o n  are: 
(1) 
hinges is  r i g i d ;  (2) panels  inboard of t he  locking h inge  bend as beams; 
(3) t h e  pane l  immediately outboard of t he  locking h inge  r o t a t e s  as a 
r i g i d  b a r  a g a i n s t  t h e  locking h inge  s t i f f n e s s ;  and ( 4 )  t h e  fol lowing 
panel  set r o t a t e s  as a r i g i d  b a r  about i t s  inboard hinge,  

t h e  s p a c e c r a f t  attachment of t h e  d iagonal  s t r u t  and main pane l  

The assumed degrees of freedom vary wi th  the  sequence, as descr ibed 
below: 

Sequence 1---Three normal bending modes of Panel  1 as a beam pinned a t  
t h e  s p a c e c r a f t  h inge  and a t  t h e  d iagonal  s t r u t ,  r i g i d  r o t a t i o n  of Panel  
1 about t h e  s p a c e c r a f t  h inge  a g a i n s t  t h e  d iagonal  s t r u t  s t i f f n e s s ,  and 
r i g i d  r o t a t i o n  of t h e  fol lowing panel  set  about t h e  Panel  1-2 hinge. 

Sequence %--One normal bending mode of Panel  1 pinned a t  t h e  spacec ra f t  
and t h e  d iagonal  s t r u t ,  r i g i d  r o t a t i o n  of Panel  1 about t h e  s p a c e c r a f t  
hinge a g a i n s t  t he  d iagonal  s t r u t  s t i f f n e s s ,  r i g i d  r o t a t i o n  of Panel  2 
a g a i n s t  t h e  locked h inge  between Panels  1 and 2, and r i g i d  r o t a t i o n  of 
t h e  fol lowing panel  set around i ts  inboard hinges.  

Sequence 3---Three normal bending modes of Panels  1 and 2 as a beam pin- 
ned a t  t h e  s p a c e c r a f t  hinge and d e f l e c t i n g  t h e  d iagonal  s t r u t ,  r i g i d  
r o t a t i o n  of Panel  3 a g a i n s t  t h e  locked hinge between Panels 2 and 3, 
r i g i d  r o t a t i o n  of t h e  fol lowing panel  set  around i t s  inboard hinges.  

Sequence 4---Three normal bending modes of Panels  1, 2, and 3 as a 
beam pinned a t  t h e  s p a c e c r a f t  hinge and d e f l e c t i n g  the  d iagonal  s t r u t ,  
r i g i d  r o t a t i o n  of Panel  4 aga ins t  t h e  locked h inge  between Panels  3 and 
4 ,  and r i g i d  r o t a t i o n  of t h e  fol lowing panel  set  (5, 5A, 5B) around i ts  
inboard hinge.  

3.3.2 ESTIMATE OF LOADS AT MIDSEQUENCE POINTS 
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a .  Based on 6 = 0.032 rad/sec (D2-113355-3) 

b. Based on bi = 0.035 rad/sec (Final design limit load) 

Sketch is For Sequence 3 - Locking Hinge 

Rota ti ng 
Hinge 

Figure 3-10: SPACE D P L O Y ~ E N T  LOADS 
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Evaluat ion of t h e  loads t h a t  occur a t  midsequence assumes t h a t  a l l  of t h e  
k i n e t i c  energy i n  t h e  preceding r o t a t i n g  panel  set a t  t h e  i n s t a n t  of 
locking is absorbed by each of t h r e e  bending modes. The modal f requencies  
and gene ra l i zed  i n e r t i a s  are determined f o r  beams pinned a t  t h e i r  inboard 
end and bending a g a i n s t  t h e  d iagonal  s t r u t  s t i f f n e s s ,  wi th  a concentrated 
mass a t t ached  a t  t h e  outboard end. 

The loads w e r e  o r i g i n a l l y  determined f o r  a c los ing  v e l o c i t y  of 
6 = 0.025 r ad ians  pe r  second f o r  comparison, wi th  t r a n s i e n t  load r e s u l t s  
ca l cu la t ed  on t h e  same b a s i s .  
rad ians  p e r  second, t h e  va lues  of both t h e  t r a n s i e n t  and midsequence 
loads i n c r e a s e  by a f a c t o r  of 1.40. I n  a l l  cases, t h e  midsequence loads 
remain less than  those  f o r  t h e  i n i t i a l  t r a n s i e n t .  

For t h e  f i n a l  c los ing  v e l o c i t y  of 0.035 

The assumption t h a t  t h e  t o t a l  energy is  absorbed by each bending mode i s  
conserva t ive .  Only a p a r t  of t h e  energy causes  o s c i l l a t i o n s  of t h e  
fol lowing panel  set and bending of t h e  beam. The remainder causes a 
uniform r o t a r y  v e l o c i t y  of t h e  pane l  set. S t r u c t u r a l  damping reduces 
t h e  o s c i l l a t i o n  energy. F i n a l l y ,  t h e  energy i n  o s c i l l a t i o n  t h a t  remains 
i s  shared by t h e  bending modes, r a t h e r  than  being absorbed i n t o  each 
s e p a r a t e  mode. 

3.3.3 AUXILIARY PANEL DEPLOYMENT 

A u x i e i c ~ ~ y  nubpanel depRoymevLt h uccompLhhed w i k h  u nimple dhive und 
RcLtch. 

The a u x i l i a r y  subpanels are deployed by an  opening sp r ing  w i t h  an  i n i t i a l  
torque of 2.5 inch-pounds and a torque a t  c los ing  of 1.25 inch-pounds. 
A r o t a r y  v iscous  damper is used t o  c o n t r o l  t h e  c los ing  v e l o c i t y .  An 
overcenter  four-bar l inkage  locks  the  pane l  i n  t h e  extended pos i t i on .  
The s o l u t i o n  f o r  motions i s  obtained by s o l u t i o n  of t he  d i f f e r e n t i a l  
equat ions of a two-degree-of-freedom system by a computer program. 

Each a u x i l i a r y  subpanel  is  r e s t r a i n e d  during boost  by use  of t he  shear  
t e e t h  shown i n  Figure 3-11. The panels  are prevented from premature 
deployment by l ight-duty shear  p ins  loca t ed  on t h e  outboard athwartship 
s p a r  member. The s i n g l e  shear  p i n  pe r  a u x i l i a r y  pane l  is withdrawn by 
the  c los ing  a c t i o n  of t h e  main h inge  l a t c h e s  ( o r  t h e  Panel  5 geneva i n  
t h e  case of 5A and 5B) loca ted  immediately outboard of t h e  e f f e c t e d  
panels .  
panels .  

This a c t i o n  guarantees  proper sequencing of t h e  a u x i l i a r y  

The s p r i n g  deployment and l a t c h i n g  mechanism i s  shown i n  Figure 3-11. 
Each of t h e  two deployment sp r ings  has an i n i t i a l  to rque  of 1.25 inch- 
pounds f o r  a t o t a l  torque of 2.50 inch-pounds t o  deploy each a u x i l i a r y  
subpanel.  During deployment, t h e  l a t c h i n g  s p r i n g  is loaded and supp l i e s  
some of t h e  te rmina l  h inge  torque  as w e l l  as t h e  l a t c h i n g  fo rce  ( see  
Figures  3-12 and 3-13). 
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Figure 3-13: HINGE M O M ~ N T  AUXIL IARY PANEL DEPLOYMENT 
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I n i t i a l  a n a l y s i s  f o r  both the  a u x i l i a r y  pane l  and main panel  deployment 
t r a n s i e n t s  used a minimum number of degrees  of freedom s e l e c t e d  t o  d e r i v e  
a conserva t ive  so lu t ion .  The loads shown i n  Table 3-1 w e r e  determined 
by t h e  f i r s t  f i v e  modes of t h e  deployed a r r a y  a t  t h e  appropr i a t e  s ta te  
of deployment. The a u x i l i a r y  panels  w e r e  assumed t o  deploy simultaneously 
f o r  each subpanel  u n i t .  The l a t c h i n g  w a s  assumed t o  t ake  place 
instantaneously,transforming t h e  c los ing  r o t a r y  momentum of t h e  a u x i l i a r y  
panels  i n t o  o s c i l l a t i o n s  of f ive-ar ray  n a t u r a l  modes. 

Table 3-1: AUXILIARY-PANEL DEPLOYMENT SOLUTION OF TRANSIENTS 

( 6 ,  = 0.15 r ad ians  pe r  second) 

Panel  

2A 
3A 
4A 
5A 

NOTE : 

Bending Moment 
(inch-pounds) 

500 
400 
320 
200 

Shear 

Not c r i t i c a l  

T o t a l  moment a t  two a u x i l i a r y  panel  hinges;  use t h i s  va lue  
f o r  design load on one hinge. 

Design Moment = 500 inch-pounds 
Design Shear:  Not c r i t i c a l  

The c los ing  v e l o c i t y  w a s  s e l e c t e d  as 0.15 rad ians  pe r  second, which 
corresponds t o  those  va lues  obtained using one r o t a r y  damper wi th  a 
capac i ty  of 6.0 t o  6 .5  inch-pounds pe r  r ad ian  per  second. This i s  
c l o s e  t o  t h e  high-temperature c a p a b i l i t y  of an uncompensated r o t a r y  
damper of t h e  type  s p e c i f i e d .  Because t h e  damper i s  ve loc i ty - sens i t i ve ,  
i t  can never prevent  deployment. Measurement and adjustment of damper 
u n i t s  w i l l  b e  used t o  p a i r  u n i t s  f o r  each subpanel set  and t o  match them 
t o  a u x i l i a r y  pane l  requirements.  The f o r c e  and d e f l e c t i o n  va lues  w e r e  
taken as t h e  sum of t h e  maximum response va lues  of each mode. 

It has been assumed t h a t  s e i z u r e  f a i l u r e  modes are both more l i k e l y  and 
more c r i t i ca l  than t h e  inadequate  damping f a i l u r e  modes. Se izure  could 
prevent  a u x i l i a r y  pane l  deployment and shade both the  a u x i l i a r y  and t h e  
a s soc ia t ed  main panel ,  thus causing s i g n i f i c a n t  power l o s s .  While 
inadequate  damping could cause s t r u c t u r a l  damage, i t  would a l s o  be  
p o s s i b l e  f o r  t h e  a r r a y  t o  s u r v i v e  some damage and cont inue t o  funct ion.  
It has t h e r e f o r e  been recommended t h a t  dua l  dampers not  be used. 

The damping c h a r a c t e r i s t i c s  used i n  pane l  design are based on t h e  high- 
temperature performance of t h e  damper per  Figure 3-14. The dampers are 
phys ica l ly  loca t ed  so  t h a t  t h e  s o l a r  hea t  w i l l  w a r m  u n i t s  exposed t o  low- 
temperature extremes during t h e  coas t  per iod.  
cannot permanently prevent  deployment, and temperature c o n t r o l  coa t ings  
w i l l  be  used t o  l i m i t  t h e  high-temperature environment.In the  space- 
p re s su re  environment, O-ring seals prevent  l o s s  of damping f l u i d .  

Cold and s lugg i sh  dampers 
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3.3.4 STRUCTURAL ANALYSIS OF DEPLOYMENT HINGES, QUADRANTS, AND LATCHES 

S;tftuckwLuR UndyAiA oh ;the deployment K n g a  , yuachantx, and lcttcha h a  
been /revhed ;to hedReck change,!, i n  d u i g n ,  load a n d y h a ,  and m d e , t i d  
h p k o v m e n t x .  

The important changes and r e v i s i o n s  are: 

1)  The deployment cab le  material w a s  changed from dacron t o  monel; 

2) Hinge moments w e r e  increased  because of increased  deployment 
v e l o c i t i e s ;  

3) The hinge f i t t i n g s  has  t o  be  i n t e g r a t e d  wi th  t h e  r ev i sed  shear  t i e  
f i t  t ing  s ; 

4) The deployment quadrant r ad ius  w a s  changed rom 3.125 t o  2.85 inches.  

The dimensions of quadrants ,  h inges ,  and l a t c h e s  were d i c t a t e d  by t h e  
t r a n s i e n t  loads f o r  t h e  deployment of t h e  matn and a u x i l i a r y  panels .  
The l imi t - loads  app l i cab le  t o  t h e  main and a u x i l i a r y  panel  hinges are 
given i n  Figure 4-2 and Table 3-1. The h inge  l i n k s  w e r e  examined f o r  
column c a p a b i l i t y ,  bol t -bear ing and shea r ,  and lug-tension f a i l u r e .  The 
hinge p l a t e s  have been examined f o r  load path t o  s p a r  members and f o r  
adequate bond s t r e n g t h .  The d iagonal  s t r u t  is c r i t i c a l  f o r  column load- 
ing a t  deployment. Analysis  during t h e  fou r th  q u a r t e r  i nd ica t ed  t h a t  t h e  
i n i t i a l  s t r u t  conf igu ra t ion  had t o  be improved. This  w a s  accomplished by 
spreading t h e  l egs  f a r t h e r  a p a r t  and wi th  some minor r ev i s ions  t o  t h e  
f i t t i n g s .  Margins of s a f e t y  are given i n  Table 3-2. 

3.3.5 ANALYSIS OF THE DEPLOYED ARRAY 

The a r r a y  w a s  analyzed i n  the  deployed condi t ion  t o  show compliance with 
the  minimum frequency requirement,  f o r  response t o  a cont inuing square 
wave p i t c h  e x c i t a t i o n ,  and f o r  response t o  s teady  g loading.  

The bending frequency showed ar, adequate margin over t he  requi red  0.04 
Hz wi th  h inge  s t i f f n e s s e s  between one t h i r d  t o  one fou r th  of t h e i r  
a c t u a l  va lues .  The t o r s i o n  frequency, a t  0,192 Hz, w a s  obviously 
adequate without  a h inge  s t i f f n e s s  evaluat ion.  The c o n t r o l  system 
rec t angu la r  wave e x c i t a t i o n  w a s  n c t  c r i t i c a l  f o r  e i t h e r  bending o r  
t o r s i o n  e x c i t a t i o n ,  and t h e  b a s i c  s t r u c t u r e  and c r i t i c a l  hinge w i l l  
wi thstand s teady  g loads several orders  of magnitude g r e a t e r  than  those  
required.  
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Table 3-2: MINIMUM MARGINS OF SAFETY HINGES, LATCHES, 
AND DIAGONAL STRUT 

Margins 
of 

Component Safe ty  

Main h inge  0.17 
(Panel 1-2) 

Main hinge 0.17 
(Panels  2,  
3, 64 4 )  

Predic ted  
Cr i t ica l  F a i l u r e  

I t e m  Mode Remarks 

Latch Compression 
l i n k  buckl ing 

Latch Compression Same l i n k s  are used on 
l i n k  buckl ing a l l  main h inges ;  loads 

are reduced on outboard 
hinges as noted i n  
Figure 4-2. 

Auxi l ia ry  0.33 Latch Compression 
hinge l i n k  buckl ing 
(Panel  2) 

Auxil iary 0.33 Latch Compress i o n  
h inge  l i n k  buckl ing 
(Panels 3, 
4 ,  64 5) 

Diagonal 0.08 Main Gornpres s i o n  
s t r u t  s t r u t  buckl ing 

memb er 

A l l  components are c r i t i c a l  f o r  deployment 

Same hinges are used on 
a l l  pane ls ;  loads are 
reduced on outboard 
hinges as noted i n  
Table 3-1. 

I 

loads 

The bending and t o r s i o n  fundamental f requencies  wi th  i n f i n i t e  h inge  
s t i f f n e s s  were computed. A p a r a l l e l  i n v e s t i g a t i o n  w a s  made t o  determine 
how f i n i t e  h inge  s t i f f n e s s  a f f e c t s  bending frequency ( see  F igure  3-15). 
Five r i g i d  r o t a t i o n  modes (one a t  each hinge)  and a pinned-pinned bending 
mode w e r e  used i n  t h i s  ana lys i s .  The s o l u t i o n s  obta ined  w e r e  f o r  t h r e e  
sets of h inge  s t i f f n e s s e s  f o r  t h r e e  assumed resonant  f requencies  of t he  
i n f i n i t e  h inge  beam. For oile conf igu ra t ion ,  two s t i f f n e s s  va lues  f o r  t h e  
diagonal  s t r u t  w e r e  used. 
t h e  c r i t i c a l  minimum frequency, 
(which b racke t  t he  a c t u a l  s t i f f n e s s )  showed n e g l i g i b l e  e f f e c t  on the  
fundamental mode. The hinge s t i f f n e s s  levels used w e r e  between one 
fou r th  and one t h i r d  of t h e  ca l cu la t ed  h inge  s t i f f n e s s  va lues ,  based 
on d e f l e c t i o n s  of t h e  l a t c h i n g  l i n k s  alone.  
w i l l  r e s u l t  from o the r  members of t h e  hinge,  l o c a l  d i s t o r s i o n  of t he  
s p a r s ,  and some f r e e  play.  

The parameters used allowed eva lua t ion  near  
Two l e v e l s  of d iagonal  s t r u t  s t i f f n e s s  

Addi t iona l  hinge f l e x i b i l i t y  

3-2 8 



D2-113355-6 

R 
3 

0 .  
53 

I I  

R 0 .  o\ 
N 
-4- In 3 53 .- 

K 
_I 

I I  I I  I I  

Y Y Y 
N N N U 

- 
U 

0) 

4- .- .- 

o\ 
N 
-4- In .- 

K 
_I 

I I  I I  

Y Y Y 
N N N U 

- 
U 

0) 

4- .- .- 

0 0 0 

( Z H )  X x i a n b a j  paXoidaa 

33 
3 
0 

\ 
3 
3 

9 
3 
3 

3 
3 

3 

LL 
0 
I- o 
W 
LL 
LL 
W 

.. 
f? 

z 
I 

cr\ 

S 
rn 
LL 
.- 

3-29 



D2-113355-6 

Evaluat ion f o r  t h e  frequency of t he  in f in i t e -h inge  bending mode w a s  
based on a uniform weight d i s t r i b u t i o n  from r o o t  t o  t i p  and a uniform 
s t i f f n e s s .  

The t o r s i o n a l  frequency determined from t h e  a n a l y s i s  of 0.192 Hz is  
s u f f i c i e n t l y  above t h e  JPL S p e c i f i c a t i o n  GMP-50505-FNC-B requirement 
of 0.04 Hz t o  j u s t i f y  ignor ing  t h e  s i d e  pane l  hinge s t i f f n e s s  e f f e c t .  

Response t o  t h e  p i t c h  a c c e l e r a t i o n  of t h e  deployed a r r a y  w a s  evaluated 
f o r  a r ec t angu la r  s t e p  func t ion  and f o r  a r ec t angu la r  wave func t ion  
having equal  p o s i t i v e  and negat ive  amplitudes.  The du ra t ion  of t he  
r ec t angu la r  wave w a s  s e l e c t e d  t o  match c r i t i c a l l y  t h e  resonant  frequency 
of t he  bending a r r a y ,  and t h e  maximum response w a s  determined f o r  a 
resonant  magni f ica t ion  (Q) of 30. Solu t ion  of t h e  problem wi th  the  
s t e p  func t ion  w a s  ob ta ined  wi th  Laplace t ransforms.  The square  wave 
func t ion  w a s  solved as a resonant  system exc i t ed  by t h e  fundamental 
Four ie r  component of t h e  square  wave ( see  Figure 3-16). 

The a n a l y s i s  requi red  the  i n e r t i a  coupl ing t e r m  between the  r i g i d  
r o t a t i o n  about t h e  v e h i c l e  cen te r  l i n e  and t h e  a r r a y  bending mode. This 
w a s  obtained by numerical  i n t e g r a t i o n  of t h e  product  of lumped masses 
t i m e s  t h e  appropr i a t e  node shape products .  A s i m i l a r  eva lua t ion  w a s  
requi red  i n  de te rmina t ion  of the  t o r s i o n a l  response t o  p i t c h  e x c i t a t i o n .  
For t h i s  case, t h e  t o r s i o n a l  frequency w a s  s u f f i c i e n t l y  h igher  than  the  
e x c i t a t i o n  t o  allow neg lec t  of a "resonant  exc i t a t ion"  a n a l y s i s ,  and 
t h e  coupling t e r m  w a s  ca l cu la t ed  i n  t h e  same d i g i t a l  program from which 
t h e  t o r s i o n a l  frequency w a s  obtained. 
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4.0 GROUND RELEASE AND DEPLOYMENT 

The panel  assembly w i l l  be  deployed o n . t h e  ground t o  o b t a i n  experimental  
test d a t a  t o  s u b s t a n t i a t e  t he  ground-deployment a n a l y s i s ,  and, by analogy, 
t h e  a n a l y s i s  of t h e  panel-assembly deployment i n  space.  
s e c t i o n s  desc r ibe  t h e  e f f e c t  of ground support  equipment (GSE) i n e r t i a s  
on t h e  deployment test d a t a  and t h e  approach t o  t e s t -da t a  a n a l y s i s .  

The fol lowing 

4 .1  EFFECTS OF GROUND-DEPLOYMENT INERTIAS 
ON TIME-HISTORY DATA 

a 

The e f f e c t  of t h e  i n i t i a l  estimates of GSE weight and i n e r t i a  on t h e  
shape and f i n a l  v e l o c i t i e s  of t i m e  h i s t o r i e s  has  been analyzed i n  the  
s a m e  manner as f o r  space  deployment. 

The a d d i t i o n a l  i n e r t i a  changes t h e  i n i t i a l  motion neg l ig ib ly .  During 
t h e  s lack-cable  po r t ion  of t h e  motion, t he  added k i n e t i c  energy causes a 
reversal i n  d i r e c t i o n  t o  occur a t  a la ter  t i m e  and l a r g e r  ang le  
(Figure 4-1). 
range of p o s s i b l e  cab le  s t i f f n e s s  va lues  and t h e  i n e r t i a  change. 

The r e t a r d i n g  sp r ing  must be  ad jus t ed  t o  accommodate the  

F r i c t i o n  and air-damping a l s o  produce an  e f f e c t .  
deployment f i x t u r e  has  minimized f r i c t i o n  fo rces .  The d i g i t a l  program 
issued  t o  c a l c u l a t e  t i m e  h i s t o r i e s  f o r  two types of system f r i c t i o n .  
The f i r s t  program allowed a f r i c t i o n  moment p ropor t iona l  t o  t h e  cable  
tension.  The second program provided f o r  s ta t ic  f r i c t i o n  u n t i l  t he  cable  
t ens ion  exceeded a s p e c i f i e d  level,  followed by a "running" f r i c t i o n  
p ropor t iona l  t o  t h e  cable  tens ion .  When t h e  pane l  v e l o c i t y  w a s  reduced 
t o  zero,  t h e  s t a t i c  f r i c t i o n  w a s  aga in  e f f e c t i v e .  The maximum v e l o c i t y  
never exceeds t w i c e  t h e  nominal f o r  t h e  range of f r i c t i o n  parameters 
inves t i g a  t ed . 

The des ign  of t h e  

Air-damping is est imated by using t h e  drag c o e f f i c i e n t  of a f l a t  p l a t e  
normal t o  t h e  flow. For t h e  motion of t h e  deploying panels  ( r o t a t i o n  
about one end) ,  t h i s  should r e s u l t  i n  an  overassessment of t h e  a i r  
moments. The e f f e c t  of Reynolds number f o r  t h i s  conf igura t ion  is not  
known. The a c t u a l  drag e f f e c t  w i l l  be evaluated i n  t h e  MTA-3 test 
during Phase 11. The e f f e c t  of t h e  assumed air-damping is  shown i n  
Figure 4-1 f o r  comparison t o  t h e  zero-damped deployment test and space- 
deployment ana lys i s .  

The shapes of t h e  ground deployment curves w i l l  change i n  varying degrees ,  
depending on t h e  parameters discussed above. The maximum ve loc i ty ,  which 
is  s e l e c t e d  as t h e  c los ing  v e l o c i t y  f o r  determining t h e  t r a n s i e n t  loads ,  
varies only s l i g h t l y  from the  s e l e c t e d  value.  
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4.2 EFFECTS OF GROUND-DEPLOYMENT INERTIAS 
ON TRANSIENT OSCILLATIONS 

c 

The e f f e c t s  of i n i t i a l  estimates of GSE-inertias have been obtained by 
us ing  t h e  same equat ions as used f o r  space-deployment so lu t ions .  The 
i n i t i a l  v e l o c i t y  cond i t ion  i s  considered t h e  s a m e  as f o r  space  deploy- 
ment; t he re fo re ,  t h e  r e s u l t s  r e f l e c t  only the  e f f e c t  of t h e  i n e r t i a  
increase .  

I n  gene ra l ,  t h e  added GSE weight i nc reases  t h e  loads.  The average 
inc rease  is  about 20%, wi th  l a r g e r  i nc reases  occurr ing  on t h e  smaller 
loads.  Most c r i t i c a l  i s  t h e  moment on t h e  hinges between Panels  1 and 
2. It is h ighe r  by 22% and is  t h e  designing moment f o r  t he  hinge. The 
t abu la t ed  va lues  f o r  moments, d iagonal -s t ru t  load ,  and h inge  shea r  
fo rces  are shown i n  F igure  4-2. 

Refining t h e  des ign  of t h e  GSE moving p a r t s  r e s u l t s  i n  an apprec i ab le  
r educ t ion  i n  t h e  moment of iner t ia  of each panel  about i t s  h inge  l i n e  
and h inge  moments are reduced. 

The i n c r e a s e  i n  nominal deployment v e l o c i t y  from GSE i n e r t i a  causes a n  
inc rease  i n  t h e  f i n a l  deployment v e l o c i t y  t o  0.035 rad ians  p e r  second. 
The r e s u l t i n g ,  increased  loads are t abu la t ed  i n  F igure  4-2 as t h e  f i n a l  
design l imit- loads.  

Ground-deployment loads  are not  c r i t i ca l  f o r  t h e  a r r a y  s t r u c t u r e .  They 
d i c t a t e  only t h e  dimensions of t h e  main panel  h inges ,  whose weight 
c o n t r i b u t i o n  t o  the  t o t a l  weight is  i n s i g n i f i c a n t .  

4.3 DEPLOYMENT TEST ANALYSIS 

Data obtained from deployment tests w i l l  be  used f o r  t h e  MTA-3 and -4 
ground-deployment a n a l y s i s .  
those  p red ic t ed  by t h e  deployment a n a l y s i s ,  t h e  v a l i d i t y  of a n a l y t i c a l  
parameters w i l l  b e  v e r i f i e d .  I n  Phase 111, t h i s  technique w i l l  be  used 
t o  confirm t h e  MTA-4 ground-deployment a n a l y s i s  and, by analogy, t h e  
a n a l y s i s  of panel-assembly deployment i n  space. 

Once test d a t a  have been compared with 

The MTA-3 main-panel deployment test d i f f e r s  from t h e  Phase I11 MTA-4 
test i n  s e v e r a l  important r e s p e c t s ,  During t h e  environmental  test 
program, MTA-4 w i l l  experience thermal-vacuum, a c o u s t i c ,  and v i b r a t i o n  
condi t ions  t h a t  could a f f e c t  i ts  deployment. The aluminum MTA-3 
does no t  d u p l i c a t e  t h e  s t i f f n e s s  o r  dynamic c h a r a c t e r i s t i c s  of MTA-4. 
I n  add i t ion ,  t h e  overhead support  l i n e s  f o r  MTA-3 are a t tached  t o  f ixed  
po in t s  r a t h e r  than t o  overhead a i r b e a r i n g s  as i n  Phase 111. 
t r a n s i e n t  o s c i l l a t i o n s  of MTA-3 a f t e r  l a t ch ing  are not  r ep resen ta t ive  
of MTA-4, and test d a t a  relate only t o  t h e  t ime-history motion. 

Consequently, 
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i 

MTA-3 i n e r t i a l  p r o p e r t i e s  have been ad jus t ed  t o  match MTA-4, and proto- 
type mechanisms are used. With t h i s  s i m i l a r i t y ,  t h e  MTA-4 ground- 
deployment t ime-his tory w i l l  be  e s s e n t i a l l y  t h e  same as t h a t  of MTA-3 
with p l a s t i c  membranes i n s t a l l e d .  Moreover, MTA-4 space deployment 
t ime-history w i l l  be  e s s e n t i a l l y  t h e  same as t h a t  of MTA-3 wi th  ba re  
frames . 
The adequacy of t h e  measured test d a t a  t o  s a t i s f y  t h e  a n a l y t i c a l  
requirements is shown by: (1) desc r ib ing  the  a n a l y t i c a l  equat ion  used 
t o  conduct t h e  a n a l y s i s ,  (2) de f in ing  t h e  parameter information requi red ,  
and ( 3 )  r e l a t i n g  t h e  PITA-3 tests t o  t h e  requi red  information.  

4.3.1 ANALYTICAL MODEL 

Con;trroR 0 6  depRoymeuLt mo;tioru and Road depcnh on an adequate andy;ticd 
mod&. 

The magnitudes of t h e  a r r a y  shea r ,  bending moments, and d iagonal -s t ru t  
loads depend on t h e  c los ing  v e l o c i t i e s  of each deployment sequence. 
Control  of t h e  motion t o  l i m i t  t h e  f i n a l  v e l o c i t y  a t  l a t c h i n g  is 
poss ib l e  i f  t h e  a n a l y t i c a l  model is adequate and parameter va lues  are 
known. The a n a l y t i c a l  model c o n s i s t s  of a d i f f e r e n t i a l  equat ion  t h a t  
descr ibes  t h e  t ime-history motion of t h e  deployment. The d i f f e r e n t i a l  
equat ion  used is  t h e  same as t h a t  presented i n  t h e  Phase I f i n a l  r e p o r t ,  
except t h a t  an  a d d i t i o n a l  f r i c t i o n  f o r c e  has been added: 

2 I e +  D 8 + (Kr  + k) 0 = K r V t  f H - D V ( 8 ) 2  - FRP 

where : 

I = Mass moment of i n e r t i a ;  

D = Viscous damping term; 

K = Cable s p r i n g  l i n e a r  s t i f f n e s s ;  

k = Retarding s p r i n g  t o r s i o n a l  s t i f f n e s s ;  

r = Quadrant r a d i u s ;  

V = Linear  cab le  v e l o c i t y ;  

t = T i m e ;  

H = Constant ly  appl ied  torque,  i n i t i a l  cab le  tens ion ,  o r  s l a c k ;  

DV = Air- res i s tance  term; 

F W  = S t a t i c - f r i c t i o n  torque,  followed by s l i d i n g - f r i c t i o n  torque. 
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The equat ion  (and t h e  d i g i t a l  programs used f o r  i ts  numerical  s o l u t i o n )  
a l lows f o r  i n i t i a l  condi t ions  (angular  v e l o c i t y  and c a b l e  t ens ion  o r  
s l a c k )  and f o r  t h e  dynamic motions caused by t h e  cab le  s p r i n g  and the  
r e t a r d i n g  s p r i n g  a c t i n g  on t h e  r o t a r y  i n e r t i a  of t h e  pane l  sets. 
v i s i o n  is  a l s o  made f o r  t h e  damping e f f e c t s  of t h e  pane l  r o t a t i n g  i n  
a i r ,  f o r  va r ious  f r i c t i o n  f o r c e s ,  and f o r  v i scous  damping. The e f f e c t s  
of p o s s i b l e  coupl ing wi th  t r a n s i e n t  o s c i l l a t i o n  and t h e  l eve lness  o r  
smoothness of t h e  t r a c k s  are s m a l l  and are not  considered i n  t h e  equat ion.  

Pro- 

4.3.2 ANALYTICAL P M T E R S  

The primary means of proving deployment c a p a b i l i t y  i n  space  is  t o  show 
a good comparison of t h e  p red ic t ed  and a c t u a l  response of ground deploy- 
ments. This  r e q u i r e s  t h a t  t h e  va lues  of t h e  parameters of a n a l y s i s  be  
known. 

F igure  4-3 i l l u s t r a t e s  a t y p i c a l  f i r s t - sequence  deployment. 
deployment t ime-his tory,  which would apply i f  t h e  deployment cab le  w e r e  
r i g i d ,  is shown by t h e  s lop ing  s t r a i g h t  l i n e .  The s l o p e  is determined 
by t h e  motor v e l o c i t y  and quadrant r ad ius .  

Dynamic o s c i l l a t i o n s  occur about t h e  nominal l i n e  because of t h e  s t i f f -  
ness  c h a r a c t e r i s t i c s  of t h e  deployment cab le  and r e t a r d i n g  sp r ing ,  
i n  conjunct ion with t h e  r o t a r y  i n e r t i a  of t h e  pane l  sets. The e f f e c t i v e  
cab le  s t i f f n e s s  w i l l  be  l a r g e  i f  t h e  f r i c t i o n  between t h e  cab le  and t h e  
quadrant locks i t  t o  t h e  moving quadrant .  It w i l l  be  smaller i f  t h e  
f r i c t i o n  is  s m a l l  and the  cab le  s t r e t c h e s  over its f u l l  length.  The 
i n i t i a l  c ros s ing  from t ens ion  t o  s l a c k  cab le  depends on t h e  e f f e c t i v e  
cab le  s t i f f n e s s .  The c ross ing  from s l a c k  cable  t o  t ens ion  depends on the  
r e t a r d i n g  sp r ing  s t i f f n e s s .  

The nominal 

"i 

An inc rease  i n  t h e  r o t a r y  moment of i n e r t i a  i nc reases  t h e  angle  a t  which 
t h e  f i r s t  c ross ing  occurs  and t h e  angle  a t  which t h e  r e t a r d i n g  sp r ings  
r e v e r s e  the  motion. 

A t  c lo s ing ,  t h e  t r a n s f e r  of momentum causes the  fol lowing panel  set t o  
have an i n i t i a l  v e l o c i t y  equal  t o  50% t o  90% of the  f i n a l  v e l o c i t y .  The 
weight,  c e n t e r  of g rav i ty ,  and r o t a r y  moment of i n e r t i a  of t h e  following 
panel  set  determines t h e  exac t  value.  

Values f o r  t h e  above parameters are requi red  f o r  space deployment without  
f r i c t i o n .  
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l6+ D 6 +  (KR2 + k)8= KRVT + H - DV(& 2 ,- FRP 

T (SECONDS) 

Figure 4-3: DEPLOYMENT TIME-HISTORY ANALYTICAL EQUATION 

i 
J 
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F igure  4-4 i l l u s t r a t e s  t h e  e f f e c t  of an  a r b i t r a r y ,  cons tan t  f r i c t i o n  
torque of 3 inch-pounds and 6 inch-pounds on t h e  shape of t h e  t i m e -  
h i s t o r y  curve.  The energy absorbed by f r i c t i o n  reduces t h e  ang le  
during which t h e  cab le  is s l a c k ,  and inc reases  t h e  number of c ross ings .  

F r i c t i o n  torques  i n  space  can be  caused by cab le  t ens ion  loads  on t h e  
h inge  p ins  and hinge-pin bending due t o  misalignments. 
f r i c t i o n  torques can r e s u l t  from GSE-induced h inge  loads  during ground 
deployment . 

Addi t iona l  

Figure 4-5 i l l u s t r a t e s  a t i m e  h i s t o r y ,  w i th  i n i t i a l  condi t ions  of v e l o c i t y  
and s l a c k  cab le  r e s u l t i n g  from t h e  previous sequence. c 

4.3.3 MTA-3 TEST REQUIREMENTS 

The information needed t o  perform t h e  MTA-4 t ime-his tory a n a l y s i s  i s  
a v a i l a b l e  from vendor d a t a  and t h e  d a t a  r e s u l t i n g  from manufacturing 
func t iona l  checkout, engineer ing equipment c a l i b r a t i o n ,  and MTA-3 mech- 
anism and aerodynamic tests. 
and t h e  tests by which they are obtained are t abu la t ed  i n  Figure 4-6. 

The f i r s t  category of measured d a t a ,  t h e  no-load motor speed and t h e  
r e t a r d i n g  s p r i n g  torques ,  are des ign  parameters.  Reduction i n  the  motor 
speed w i l l  r e s u l t  i n  a p ropor t iona te  reduct ion  i n  a l l  main-panel deploy- 
ment loads  and an inc rease  i n  deployment t i m e .  The re ta rd ing-spr ing  
torque c o n t r o l s  t h e  c h a r a c t e r i s t i c  t ime-history shape. Vendor q u a l i f i c a -  
t i o n  and c a l i b r a t i o n  measurements w i l l  show i f  des ign  va lues  are m e t .  
No-load motor speed w i l l  a l s o  be  determined during an  engineer ing 
c a l i b r a t i o n  test. 

The parameters f o r  which d a t a  are requi red  

A secondary category of measured d a t a  w i l l  v e r i f y  expected parameter 
va lues .  The motor-load speed, determined from measured va lues  of motor 
ang le  versus  t i m e ,  is  expected t o  vary  l i t t l e  from t h e  no-load motor 
speed. Track l eve lness  and smoothness have been v e r i f i e d  by tes t .  
Before each deployment test ,  l eve lness  is measured and ad jus t ed ,  i f  
necessary.  The combined e f f e c t s  of t r a c k  leve lness  and smoothness and 
s t r u c t u r a l  f r i c t i o n  due t o  manufacturing misalignments are ind ica t ed  
during a manufacturing tes t ,  which al lows each panel  se t  t o  coas t  f r e e l y  
through i ts  f u l l  deployment angle.  An a n a l y t i c a l  p r e d i c t i o n  of i n i t i a l  
(cons tan t )  v e l o c i t y  w i l l  b e  determined from an  engineer ing test  t o  cal- 
i b r a t e  t h e  c los ing  v e l o c i t y  r e s u l t i n g  from suspension-l ine v e r t i c a l  
angles ,  and t h e  mechanism tests. 
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Deployment Angle 
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Manufacturing Functional Checkout 
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Figure 4-6: DATA CATEGORIES 
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A t h i r d  category of d a t a  is  experimental ly  determined. During s m a l l -  
component mechanism test SCM-1, s t a t i c - f r i c t i o n  f o r c e  as i t  a f f e c t s  
cab le- tens ion  and quadrant  wrap ang le  w i l l  be  measured. During t h e  
MTA-3 mechanism test and engineer ing  checkout of t h e  complete deploy- 
ment procedure,  measurements of motor speed, deployment angle ,  and 
cab le  t ens ion  w i l l  be  taken t o  d e f i n e  a c t u a l  deployment s l i p  charac te r -  
istics. 
during t h e  SCM-1 tests. 
MTA-3 t ime-history curves obtained dur ing  t h e  mechanism and aerodynamic 
tests . 

The b a s i c  EA p r o p e r t i e s  of t h e  cab le  w i l l  a l s o  be determined 
Aerodynamic drag  is  determined by comparison of 

The GSE deployment equipment has  been designed t o  minimize GSE-caused 
f r i c t i o n  fo rces  dur ing  deployment and pe r tu rba t ions  caused by t r a c k  
l eve lness  and smoothness. The panel  and mechanism manufacturing t o l e r -  
ances have been s p e c i f i e d  t o  minimize cons t ruc t ion  misalignments t h a t  
cause f r i c t i o n .  

T e s t s  w i l l  v e r i f y  whether des ign  va lues  w e r e  m e t ,  o r  w i l l  d e f i n e  a c t u a l  
va lues  where a range of va lues  w a s  assumed i n  t h e  ana lys i s .  
ments f a l l  o u t s i d e  expected va lues ,  t h e  measurements and a n a l y s i s  w i l l  
de f ine  t h e  problem area. 

I f  measure- 

The deployment tests provide d a t a  t o  determine whether t h e  0.035 r ad ian  
per  second v e l o c i t y  w i l l  be  exceeded a t  any p o i n t  on t h e  t ime-history 
curve,  inc luding  a t  l a t ch ing .  P o s s i b l e  array-mechanism changes t h a t  
would b e  made t o  a d j u s t  t h e  c los ing  v e l o c i t y  are: 

1 )  Deploying motor-speed reduct ion;  

2) Deploying cab le  s t i f f e n i n g ;  

3) Retarding sp r ing  rate change; 

4) Incorpora t ing  a n  energy-absorbing damper; 

5) Providing a r a t c h e t  on t h e  hinges t o  prevent  reverse motion; 

6) Strengthening t h e  h inge  and l a t c h  members. 
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5.0 POWER-SOURCE ANALYSIS 

a 

The power-generation system consists of 192, 28-volt modules, and 584, 
100-volt modules contained in four panels. 
within a module was chosen to minimize electromagnetic fields. 

With a cell area of 4.31 x lom3 ft2, and cell spacing of 0.010 by 0.020 
inch, 1 square foot will contain 223 N/P front-connected cells. 
total module area for the array is 4,590 square feet, giving an array 
generated power of 45.9 kw, based on 10 watts per square foot. 

The layout of the cells 

The 

5.1 ELECTRICAL-POWER-SOURCE DESIGN 

5.1.1 DEVELOPMENT OF SOLAR-CELL INTERCONNECTOR DESIGN 

The primary function of the solar cell interconnectors is to provide 
electrical continuity between cells within a module. 
the electrical connection between the module outputs and the power bus 
system. The configuration of the solar cell interconnectors is shown 
in Figure 5-1. 

They also provide 

Four types of solar-cell interconnectors are required for the series- 
parallel wiring of the module: 

1) Positive termination (Detail 111); 

2) Group-to-group connection (Detail I); 

3) Group-to-group connection at the end of a submodule or string 
(Detail IV); 

4) Negative termination (Detail 11). 

Because the first three types, 1, 2, and 3, are similar, an attempt was 
made to integrate their design to eliminate a specific tool for each 
part. Therefore, a method was developed to enable these three types of 
interconnectors to be made from one basic part, with substantial tool 
cost savings. The manufacturing procedure is described below. 

The -1 part shown in Figure 5-1 is shear-cut and zee-formed in one com- 
bination die. This part is flattened, and the end tab is folded to make 
the positive termination. The -2 part for the group-to-group connection 
was made from the -1 part by cutting off the excess tab. The -3 part is 
made from the -1 part by flattening and cutting off the tab. The -4 
part, flat and regular in shape, can be made with a straight shear oper- 
ation. Close tolerances are required for all parts because of the close 
cell spacing. 
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The use of a simple cutting and forming die for three parts requires the 
use of a little more material; however, the tool can be constructed with 
a removable insert to make the -2 (short) parts without material waste. 
A cost estimate will determine the feasibility of the removable insert. 

5.1.2 DEVELOPMENT OF SOLDERING PROCESS FOR SOLAR-CELL INTERCONNECTOR 
JOINTS 

A pulse-soldering process using a Raytheon Weldpower Heat Programmer and 
weighted soldering electrode has been developed for use on solar-cell 
interconnector joints. 

Five concepts were employed that contributed to the development of the 
soldering process by improving the soldering characteristics (flow and 
filleting) and/or peel strength of the interconnector joint. These were: 
(1) using paired solder spots for each joint, (2) flattening the solder 
areas on the interconnector to promote solder spot contact, (3) trimming 
the interconnector at exact node points to provide uniform heat transfer 
to the underlying solder spot for each solder operation, ( 4 )  using a 
weighted soldering electrode, and (5) soldering a single joint to 
compensate for surface irregularities. 

The optimum pulse-heat setting for use in soldering was selected from a 
group of five diverse but workable settings on the basis of general 
filleting characteristics and a statistical evaluation of peel values 
of specimens. 
rial with the equipment used was determined to be a pulse heat cycle 
comprised of a "weld" heat of 61% and a low heat of 20% at 5-kva output. 
For the tinned copper material, the equivalent settings were 57 and 80%, 
respectively, at the same output. The pulse soldering cycle is shown in 
Figure 5-2. 

The optimum pulse-heat setting for the silver-mesh mate- 

7 
Low Heat = % Weld Heat 
L 

1/6 sec ++ 1/6 sec * 1/6 sec 4 
Figure 5-2: PULSE SOLDERING CYCLE 
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The best flux removal method was a dual solvent treatment using methyl- 
ethyl ketone and then ethanol. 

The solder material used was Alpha No. 890-226 solder cream. 
composition was determined to be approximately 28% activated rosin flux 
plus volatiles and 72% 62Sn-36Pb-2Ag solder powder. The consistency of 
the solder cream during periods of extended usage can be measured using 
a Precision Scientific Company Penetrometer. Loss of volatiles in the 
solder cream can be detected, allowing compensation to be made. 

The optimum 

The amount of solder residual on a solar cell after soldering and flux 
cleaning was small. For a cell with a full width connector attached, the 
weight of the solder was found to be about 1.6 milligrams. 

5.1.3 DESIGN OF ELECTRICAL TERMINAL BRACKETS WITH SATISFACTORY 
ELECTRICAL AND MECHANICAL PROPERTIES 

Terminal brackets are required at all crossover bus terminals. These 
brackets have several important functions. First, they provide mechan- 
ical support for the electrical junction between the flat bus termination 
and the crossover busses, which electrically connect adjacent subpanels. 
Second, they provide for easily detachable electrical terminals, which 
allows for panel disassembly. Third, they locate the crossover busses 
close to the subpanel hinge line to provide the shortest possible cross- 
over bus length and minimum twist or bend during deployment. 

The design of the terminal bracket must satisfy the following critical 
requirements. 

It must be a good electrical insulator to ensure electrical isola- 
tion from structure. 

It must have good mechanical strength to support the electrical 
terminal and crossover bus component during vibration and loading. 

It must make a strong physical bond with the beryllium frame. 

The electrical terminals must be detachable. 

Materials must be space ccmpatible and nonmagnetic. 
finishes must be compatible to prevent electrogalvanic reactions 
while in a terrestrial atmosphere. 

Surface 

Electrical contact should be made directly between the surfaces 
involved. The nut and bolt should not be required to provide a 
conduction path. 

f 
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The configuration of the terminal bracket and crossover bus terminal is 
shown in Figure 5-3. The selection of fiberglass for the bracket mate- 
rial is consistent with design requirements. 
weight, fiberglass is a good electrical insulator, mechanically strong, 
has good bondability, and is compatible with environment and other mate- 
rials. The shape of the bracket is simple, an L-shaped angle. This 
makes manufacture easy and provides a large surface for bonding to 
structure. 
by specifying the number of glass-cloth layups to be used. 
crossover bus terminals to the bracket provides firm attachment and easy 
disassembly. The terminal connection can be disassembled with two 
ordinary box or socket wrenches. 

Besides being light in 

The mechanical strength of the bracket is easily controlled 
Bolting the 

One disadvantage of fiberglass is that it does not have the malleability 
of some metals, and may tend to crack under the high-compressive loading 
of the nut and bolt. 
the inclusion of a metal insert around the attaching bolt in the bracket 
where compression could be damaging. 

However, this condition can easily be overcome by 

5.1.4 ADVANTAGES OF DIODES FOR POWER-OUTPUT TESTS 

The decision to use diodes is based on the requirement of circuit isola- 
tion of individual modules for power output measurements. 
solar simulators do not have uniform outputs over areas as large as a 
subpanel, circuit isolation is required. If nonilluminated and partially 
illuminated modules are not isolated from the particular module being 
tested, they will act as an external load and meaningful data cannot be 
obtained . 

Since the 

An alternate to diodes for circuit isolation would be to leave all 
modules unwired from the main bus system. However, all modules would 
have to be wired for actual sunlight tests, where the composite module 
output is desired. 
of modules might occur several times. This would be extremely time con- 
suming and costly. Diodes, however, provide module isolation for solar- 
simulator testing, and also allow composite module output to be measured 
during sunlight testing. 

For some test sequences, complete wiring and unwiring 

The decision to use diodes on flight hardware would be made at some 
later date, when mission requirements are more precisely defined. 

The diode installation configuration is shown in Figure 5-4. The diode 
case is bonded directly to structure to provide a conduction path for 
the heat generated in the diode. The diode leads are terminated at the 
bus tab and the module interconnector. 
power-output measurements. 

A test jack is provided for 

I 
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5.1.5 SUMMARY OF ELECTRIC-POWER DESIGN STUDIES 

To f i n d  a b e t t e r  power bus des ign ,  a t r a d e  s tudy  of busses  and electric 
wir ing  w a s  performed. 
busses  a t t ached  d i r e c t l y  t o  s t r u c t u r e .  The o r i g i n a l  des ign ,  which used 
a i rp lane- type  w i r e ,  w a s  found t o  be  heav ie r ,  more d i f f i c u l t  t o  terminate, 
and more vu lne rab le  t o  phys i ca l  damage than  f l a t  busses .  High-purity 
aluminum (1100-H14) w a s  s e l e c t e d  f o r  t h e  high-current  a p p l i c a t i o n s ,  and 
e l e c t r i c a l - g r a d e  copper w a s  s e l e c t e d  f o r  low-current use.  The l a r g e s t  
aluminum bus is 0.063-inch t h i c k ,  and copper busses  are 0.007-inch th i ck .  
A material search  produced a s i l i c o n e  adhesive,  RTV-630, f o r  a t t a c h i n g  
t h e  busses  toge ther  and t o  t h e  s t r u c t u r e  (Figure 5-5). 

Resu l t s  of t h i s  s tudy  produced a concept f o r  f l a t  

The o r i g i n a l  crossover  busses  w e r e  preformed beryllium-copper h e a t  
t r e a t e d  t o  acqu i r e  sp r ing - l ike  q u a l i t i e s .  The sp r ing  r e s i s t a n c e  pre- 
sen ted  v a r i a b l e  f o r c e s  during deployment, and a new des ign  w a s  considered 
d e s i r a b l e .  Resul t s  of t h e  t r a d e  s tudy  produced a s imple crossover  t h a t  
c o n s i s t s  of s t r a i g h t - l a y  copper w i r e  terminated i n  a i rplane-type lugs  and 
i n s u l a t e d  w i t h  se l f -adhes ive ,  g l a s s - f ibe r  tape.  Except f o r  t h e  insu la-  
t i o n ,  t h e  crossover  bus i s  s i m i l a r  t o  welder ' s  cab le .  These p a r t s  have 
no sp r ing  c h a r a c t e r i s t i c s  and are t h e  s a m e  weight as t h e  o r i g i n a l  cross-  
overs .  Crossover bus s i z e s  vary  from AWG Wire S i z e  14  t o  approximately 
4. A t y p i c a l  bus is  shown i n  F igure  5-6. 

The type of material f o r  t h e  s o l a r - c e l l  in te rconnec tor  w a s  given a g r e a t  
d e a l  of cons idera t ion .  P l a t ed  molybdenum, Invar ,  and copper have a l l  
been used i n  s p a c e c r a f t  s o l a r - c e l l  systems, b u t  none have t h e  f l e x i b i l i t y  
t h a t  i s  requi red  f o r  t h e  semir ig id  cons t ruc t ion  employed by LASA. P l a t ed  
materials w e r e  considered i n f e r i o r  t o  unplated,  due t o  t h e  v a r i a b l e s  
encountered i n  t h e  p l a t i n g  process .  A comparison of p l a t ed  copper ve r sus  
pure  silver showed s m a l l  d i f f e r e n c e s  i n  c o s t  and weight,  and silver w a s  
s e l ec t ed .  The high c o e f f i c i e n t  of thermal expansion f o r  s i lver  is  o f f s e t  
by t h e  inhe ren t  d u c t i l i t y  of s i lver  and by t h e  mesh design.  The s i lver  
f o i l  is  expanded t o  appreximately t w i c e  i t s  normal area by t h e  mesh 
c u t t i n g  and expanding opera t ion .  F o i l  of 0.002-inch th ickness  w a s  con- 
s ide red  t o  be  adequate  f o r  both mechanical and e lectr ical  requirements.  
P l a t ed  molybdenum mesh w a s  a poss ib l e  choice u n t i l  procurement w a s  
i n i t i a t e d .  No vendor w a s  i n t e r e s t e d  i n  producing t h e  s m a l l  amounts 
requi red  f o r  Phase I t e s t i n g .  S i l v e r  mesh has proven s a t i s f a c t o r y .  
Details of t h e  silver mesh are shown i n  Figure 5-7. 

Many conf igura t ions  f o r  t h e  s o l a r - c e l l  in te rconnec tor  w e r e  s tud ied .  
Some of t h e  cons idera t ions  t h a t  a f f e c t e d  the  des ign  w e r e :  

1) A c c e s s i b i l i t y  of t h e  rear con tac t  f o r  removal o r  repair ;  

2) Adequate c ros s  s e c t i o n  f o r  t h e  conduction of e lectr ic  c u r r e n t ;  

5-10 
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4-Wire Copper Bus 
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Figure 5-5: BUS & BOOST T I E  DOWN RELEASE W I R I N G  

Figure 5-6: M A I N  CROSSOVER BUS 
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3 )  

4 )  

Mul t ip l e  use of one p a r t  t o  reduce too l ing  c o s t s ;  

Maximum phys ica l  s t r e n g t h  because t h e  p a r t  is  inhe ren t ly  f r a g i l e .  

The in t e rconnec to r  des ign  shown i n  F igure  5-8, w i th  t h e  s o l d e r  do t  
p a t t e r n  shown i n  F igure  5-9, s u b s t a n t i a l l y  m e e t s  a l l  requirements.  

The dimensions f o r  t h e  subpanel s t r u c t u r e ,  as shown i n  s t u d i e s  previous 
t o  t h i s  c o n t r a c t ,  w e r e  no t  optimum f o r  s o l a r - c e l l  l ayout .  Af t e r  many 
i t e r a t i o n s  of s o l a r - c e l l  l ayou t s ,  t h e  s t r u c t u r e  w a s  redimensioned t o  
achieve t h e  fol lowing des ign  goa ls :  

1 )  El imina te  t h e  h a l f  modules on two subpanels;  

2) Each subpanel con ta ins  the  maximum usable  c e l l  space;  

3) Module des ign  has  one s tandard  s i z e  and shape; 

4 )  C e l l  l ayou t  minimizes e lectromagnet ic  f i e l d s .  

These des ign  goa ls  w e r e  achieved and incorpora ted  i n  MTA-1. 

C e l l  spacing s t u d i e s  were made t o  determine t h e  e f f e c t  of ce l l  spacing 
on a r r a y  weight.  S m a l l  changes i n  c e l l  spacing have a cons iderable  
a f f e c t  on weight;  however, o the r  f a c t o r s ,  mainly s t r u c t u r a l ,  l i m i t e d  ce l l  
spacing choices .  F i r s t ,  maximum s t r u c t u r a l  envelope dimensions are 
def ined;  second, s o l a r  cel ls  t h a t  are d i r e c t l y  over  t h e  i n t e r c o s t a l  must 
be wholly over  t h e  i n t e r c o s t a l  because of poss ib l e  c e l l  breakage on 
launch. When these  requirements w e r e  s a t i s f i e d ,  t he  choice of c e l l  
spacing w a s  l imi t ed .  A power-generation summary is  shown i n  Table 5-1. 

5.2 ANALYSIS OF ELECTRICAL-POWER-SOURCE PERFORMANCE 

5.2.1 POWER REDUCTION FROM RADIATION DEGRADATION 

For missions t h a t  do not  inc lude  Ear th  o r b i t s ,  e s s e n t i a l l y  a l l  r a d i a t i o n  
damage t o  cells  is  from protons emanating from t h e  Sun. Various so l a r -  
cel l  coverglass  s h i e l d s  have been used, such as qua r t z ,  sapphi re ,  and 
s p e c i a l  g l a s ses .  The coverg lass  s e l e c t e d  f o r  LASA i s  Corning Microsheet 
Code 0211, 3 m i l s  t h i c k .  Because the  coverg lass  does not  completely pro- 
tect t h e  s o l a r  c e l l  from damage, i t  i s  necessary t o  c a l c u l a t e  t he  
expected power decrease  from r a d i a t i o n  and t o  add a s u i t a b l e  area of 
cel ls  t o  t h e  a r r a y  t o  compensate f o r  t h e  l o s s .  

5-13 
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A procedure p re sen t ly  
t h e  e f f i c i e n c y  of t h e  
l e n t  1-mev e l e c t r o n s ,  

accepted f o r  ana lyz ing  t h e  e f f e c t s  of r a d i a t i o n  on 
s o l a r  cel ls  is  t o  convert  a l l  r a d i a t i o n  t o  equiva- 
and t o  use  t h e  fol lowing assumptions: 

1) Protons are the  only s i g n i f i c a n t  damaging p a r t i c l e  i n  a n  Earth-to- 
Mars t r a j e c t o r y  ; 

2) The f luence  of pro tons  emanating from the  Sun is inve r se ly  propor- 
t i o n a l  t o  t h e  d i s t a n c e  squared. 

The degrada t ion  cons t an t s  used i n  t h e  c a l c u l a t i o n s  w e r e  obtained from 
referenced  documents ( see  Sec t ion  11.0) .  Details of t h e  a n a l y s i s  are 
no t  repea ted  here .  

Proton f luence  depends on sunspot  number. 
however, f o r  t h e  coming cyc le ,  sunspot  number w i l l  probably no t  exceed 
112. Minimum t h a t  occurs  is  approximately 10. Damage has  been calcu- 
l a t e d  f o r  each of t h e s e  condi t ions .  

The maximum expected is  170; 

Protons (2.8 m e v )  have a p e n e t r a t i o n  range of 3 m i l s  i n  quar tz .  The 
coverg lasses  of i n t e r e s t  are Corning Microsheet Code 0211, which has  a 
g r e a t e r  d e n s i t y  than qua r t z .  Resu l t s  us ing  the  2.8-mev va lue  should be 
conserva t ive .  

From W.R. Doherty's  work, t h e  fol lowing va lues  are obtained f o r  t h e  
equiva len t  1-mev f luence  a t  1 AU: 

Sunspot number = 10 

11 -2 -1 9 = 2.10 x 10 cm year  
eq 

Sunspot number = 112 

= 3.6 x l O I 4  cm-2year-1 
+e, 

Sunspot number = 170 

= 1.32 x 1015 cm-2year-1. 
+eq 

These va lues  do not  assume a sharp cu tof f  of pro ton  pene t r a t ion  a t  2.8 
mev as i s  o f t e n  assumed f o r  t h i c k e r  coverg lasses .  Doherty has  provided 
t h e  above va lues  as the  r e s u l t  of a computer a n a l y s i s  made subsequent t o  
t h e  i ssuance  of t h e  re ferenced  memorandum (see  Reference 12, Sec t ion  11 .0) .  

Figure 5-10 shows t h e  f l i g h t  t i m e  ve r sus  d i s t a n c e  from t h e  Sun f o r  t h e  
Earth-Mars t r a j e c t o r y .  With t h i s  information and t h e  pred ic ted  f luence  
a t  1 AU, t h e  curves  of F igure  5-11 may be obtained.  
t h e  i n t e g r a t e d  f luence  of equiva len t  e l e c t r o n s  ve r sus  f l i g h t  t i m e ,  
assuming a n  inve r se  square r e l a t i o n s h i p  with d i s t a n c e  from the  Sun. 
curves  of F igure  5-12 have been obtained from l abora to ry  i n v e s t i g a t i o n s  
of t h e  e f f e c t s  of e l e c t r o n  r a d i a t i o n  on s o l a r - c e l l  e f f i c i e n c y .  The 
information shown i n  Figure 5-12, p lus  t h a t  of t h e  equiva len t  e l e c t r o n  

Figure 5-11 provides 

The 
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f luence  of Figure 5-11, can then  be  used t o  o b t a i n  t h e  o b j e c t i v e  r e s u l t s  
of power ve r sus  f l i g h t  t i m e  f o r  Sunspot Numbers 112 and 170. 
ou tpu t  ve r sus  f l i g h t  t i m e  i s  shown i n  F igure  5-13 of t h i s  s e c t i o n .  

Power- 

D a t a  on t h e  r a d i a t i o n  degrada t ion  c h a r a c t e r i s t i c s  of 8-mil-thick, 
1-ohm-cm r e s i s t i v i t y  cells show less than  8% reduc t ion  i n  power due t o  
r a d i a t i o n  f o r  t h e  coming sunspot  c y c l e  wi th  t h e  r e fe rence  t r a j e c t o r y .  

5.2.2 SOLAR-CELL INTERCONNECTOR CONFIGURATION AND RESISTANCE 

Two areas of stress i n  t h e  in te rconnec tor  can be  reasonably w e l l  def ined:  
thermal stresses and loading  stresses. The c o e f f i c i e n t  of thermal expan- 
s i o n  of t h e  s u b s t r a t e  is  4.8 x 10-6 i n , / i n . / " F .  
cells i s  nominally 0.020 inch .  With a 400°F change, t h e  dimensional 
change i s  38.4 x 10-6 inch .  
stresses. The maximum load  expected on a s u b s t r a t e  t ape  is  20 pounds. 
The modulus of e l a s t i c i t y  of t h e  t ape  i s  8 . 4  x l o 6  p s i .  With a 0.003- 
by 0.14-inch tape ,  t h e  e longat ion  between ce l l s  i s  0.11 x inch.  
The t ape  i n s t a l l a t i o n  to l e rances  are cons iderably  l a r g e r  than  0 .1  m i l ;  
t h e r e f o r e ,  t h e  mechanical loading on t h e  t ape  does no t  c o n s t r a i n  t h e  
connector design.  With 0.020 inch  between t h e  ends of cel ls ,  t h e  d i s -  
t ance  between N and P connect ions is  0.0224 inch .  Figure 5-14 shows t h e  
in t e rconnec to r  design.  With t h i s  des ign ,  t he  d i s t a n c e  between series 
groups may change by 18% without  s t r e s s i n g  t h e  in te rconnec tor - to-ce l l  
so lde r  j o i n t  . 

The d i s t a n c e  between 

This  change would have n e g l i g i b l e  e f f e c t  on 

A c r i t i c a l  parameter i n  t h e  eva lua t ion  of t h e  in te rconnec tor  w a s  t h e  
de te rmina t ion  of i n t e rconnec to r  r e s i s t a n c e .  Spec i f i ca t ions  r e q u i r e  t h a t  
t h e  r e s i s t a n c e  of t h e  in t e rconnec to r ,  p l u s  s o l d e r ,  do not  exceed 2% of 
t h e  cell-series r e s i s t a n c e .  

Res is tance  of t h e  in te rconnec tor  and s o l d e r  j o i n t  w a s  measured, and 
r e s u l t s  are shown i n  Table 5-2. 
f o r  t h e  in t e rconnec to r  an3 j o i n t .  This  i s  0.7% of t h e  average c e l l  
r e s i s t a n c e  shown i n  Table 5-3. The e f f e c t  of power-output series 
r e s i s t a n c e  is  shown i n  F igure  5-15. The r e s i s t a n c e  from t h e  i n t e r -  
connector and j o i n t  w i l l  no t  s i g n i f i c a n t l y  a f f e c t  performance of t h e  
a r r ay .  

The average r e s i s t a n c e  w a s  0.0014 ohm 
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Table 5-2: INTERCONNECTOR AND SOLDER-JOINT RESISTANCE 

Cell 

118 
360 
361 
362 
363 
369 
375 
918 
919 
9 20 

Uncorrected Resistance Corrected Resistance* 
Joint (ohm) (ohm) 

N 
N 
P 
P 
N 
P 
N 
P 
N 
P 

0.001372 
0.001636 
0.001877 
0.001998 
0.001353 
0.001563 
0.001627 
0.001903 
0.001585 
0.002561 

0.001320 
0.001584 
0.001825 
0.001946 
0.001301 
0.001511 
0.001575 
0.001851 
0.001533 
0.002509 

Corrected for lead resistance of 0.000052 ohm. ;r; 

A specified requirement was that the interconnector and joints exhibit 
stable physical and electrical characteristics in both space and terres- 
trial environments. Three tests were made to ensure tha't these require- 
ments were met. 

Silver-mesh interconnectors were soldered to the cell in preparation 
for evaluation. Subsequent to the soldering operation, each test 
article was thermal-cycled between +75 and -100°C for 100 cycles. 
Parameters measured before and after processing were open-circuit 
voltage, short-circuit current, current at the maximum power voltage, 
and the series resistance. 

Cells were illuminated for the short-circuit current, open-circuit 
voltage, and current at 0.47 volt, with the Xenon light source at 
an intensity of 100 milliwatts per square centimeter, as determined 
by the Heliotek Standard Cell 130. The test cell mounting block 
was maintained at 28 +1"C. - 
The cells series resistances were obtained by forward-biasing the 
cell, without illumination and at a temperature of 28 51°C. The 
voltage was read at current values in the ranges of 185 to 190 and 
210 to 215 milliamperes. The series resistance of the cells was 
calculated from the ratio of the difference of the voltages to the 
difference of the currents. 

Data obtained from tests made before and after processing of cells are 
tabulated in Table 5-3. "Befo;-e" indicates data obtained on the test 
article prior to soldering of interconnector to the cell. 
indicates data obtained on the test article after the interconnector 
has been soldered to the cell and thermal cycled. Under the heading 
"Joint," N indicates the interconnector was soldered to the N electrode, 
and P indicates a solder joint to the cell P electrode. 

"After" 
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The approach t o  d a t a  a n a l y s i s  w a s  t o  use  accepted s t a t i s t i c a l  methods i n  
determining whether a s i g n i f i c a n t  change had occurred i n  t h e  d a t a  be fo re  
and a f t e r  processing.  These s ta t is t ical  methods permit ted assessment of 
t h e  confidence l e v e l  of t h e  conclusions made. The F- tes t  and t h e  t-test 
w e r e  used f o r  t h i s  purpose. The F- tes t  i s  a method of determining 
whether a s i g n i f i c a n t  d i f f e r e n c e  e x i s t s  between t h e  var iances  of two 
d a t a  groups. 

2 

0 2 
1 

2 

S 
F = -  

S 

where : 

s12 i s  t h e  va r i ance  of Data Group 1; s z 2  is  the  va r i ance  of Data 
Group 2. 
d i s t r i b u t i o n .  

Variance is  a measure of d i s p e r s i o n  of a frequency 

Ca lcu la t ion  and use  of va r i ance  and s tandard  dev ia t ions  w i l l  no t  be  
a d d i t i o n a l l y  def ined  because they w e r e  found i n  s tandard  t e x t s  and t h e  
given re ferences .  

The t-test is used t o  test f o r  t he  s i g n i f i c a n c e  of t h e  d i f f e r e n c e  
between two means. This  test determines i f  t h e  d i f f e r e n c e  between t h e  
means may be  due t o  chance, and t h a t  t h e  process  has  no t  n e c e s s a r i l y  
made a change i n  t h e  c h a r a c t e r i s t i c s  of t h e  cells; o r  i t  determines t h a t  
t h e  two process  averages do d i f f e r  wi th  any des i r ed  degree of c e r t a i n t y .  

Fo and to w e r e  t h e  va lues  c a l c u l a t e d  from t h e  da t a .  F and t va lues  w e r e  
obtained from R . A .  F i s h e r ' s ,  Sta t i s t iea l  Methods for Research Workers, 
and Snedecor 's ,  S ta t i s t i ca l  Methods. 

B = befo re  processing A = a f t e r  processing 

Shor t - c i r cu i t  Open-Circui t 
Current  (ma) Voltage ( v o l t s )  

Mean : 

Std  Deviation: 

Fo : 

to : 

F: 

t: 

A-By L i m i t  of 
Mean , 
90% Confidence: 

B A 

98.5 98.8 

2.25 2.03 

1.16 

2.66 

0.48 

2.16 

- A-B B A A-B 

0.22 0.567 0.563 -0.0035 

1.66 0.0039 0.0044 0.00522 

1.24 

2.66 

2.44 

1.16 

0.00106 t o  
0.0113 

3 
J 
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Current  a t  S e r i e s  
0.47 Vol t  (ma) Res is tance  (ohms) 

B A A-B B A B-A .- - - -  
Mean : 89.6 90.3 0.62 0.21 0.22 0.0047 

Std  Deviat ion:  1.72 1.59 1.89 0.016 0.015 0.0179 

Fo : 1.17 1 .21  

F: 2.79 2.72 

to : 1.13 0.88 

t:  2.17 2.20 

F and t w e r e  determined a t  t h e  95% level. 

A s  i nd ica t ed  by comparison of t h e  F and t va lues ,  no s t a t i s t i c a l l y  
s i g n i f i c a n t  change i n  e i t h e r  t h e  mean o r  t h e  va r i ance  has  occurred i n  
t h e  s h o r t - c i r c u i t  c u r r e n t ,  c u r r e n t  a t  maximum power (0.47 v o l t )  and t h e  
series r e s i s t a n c e .  A s t a t i s t i c a l l y  s i g n i f i c a n t  change has occurred i n  
t h e  open-c i rcu i t  vo l t age .  
between t h e  be fo re  and a f t e r  processing measurements. For a confidence 
level of 90%, t h e  l i m i t s  of t h e  mean change are 0.11% and 1.13%. From 
t h i s  d a t a  and a n a l y s i s ,  i t  i s  clear t h a t  a s m a l l  change has occurred i n  
t h e  ope ra t ing  c h a r a c t e r i s t i c s  of t h e  cells due t o  t h e  so lde r ing  and 
thermal cyc l ing .  The open-c i rcu i t  vo l t age  is  t h e  most accu ra t e ly  mea-  
sured of t h e  several parameters;  t h a t  i s ,  t h e  p r e c i s i o n  of measurement 
of open-c i rcu i t  vo l t age  is  b e t t e r  than f o r  t h e  o t h e r  measurement 
parameters.  For t h i s  reason,  t h e  s m a l l  change has  s ta t is t ical  s i g n i f i -  
cance. 
c i r c u i t  c u r r e n t ,  and series r e s i s t a n c e .  The conclus ion  i s  t h a t  a s m a l l  
degradat ion has  occurred i n  t h e  s o l d e r  j o i n t  due t o  t h e  thermal cyc l ing .  

The mean change w a s  a decrease  of 0.62% 

Small changes may have a l s o  occurred i n  t h e  maximum power, shor t -  

T e s t  d a t a  showed t h a t  no s i g n i f i c a n t  change had occurred i n  t h e  opera t ing  
c h a r a c t e r i s t i c s  of t h e  cells due t o  t h e  so lde r ing  process .  The conclu- 
s i o n  is  t h a t  t h e  s m a l l  change is  caused by thermal cyc l ing  reducing t h e  
e f f e c t i v e n e s s  of t h e  s o l d e r  j o i n t .  

The s m a l l  degrada t ion  w a s  observed a f t e r  100 thermal cyc les  between -100 
and +75"C. 
much less, o r  nonexis ten t .  
c i r c u i t  vo l t age ,  a s m a l l  change may have occurred i n  t h e  s h o r t - c i r c u i t  
cu r ren t  o r  t h e  c u r r e n t  a t  t h e  maximum power po in t .  However, t h i s  change 
would be  extremely s m a l l ,  as ind ica t ed  by t h e  t and F tests. 

I n  ope ra t ion  on a Mars mission,  thermal cyc l ing  would be  
Although t h e  change w a s  observed i n  t h e  open- 
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5.2.3 MAGNETIC INTENSITY PRODUCED BY SOLAR-CELL CURRENTS 

The b a s e l i n e  conf igu ra t ion  of modules u t i l i z e d  a convenient ly  uniform 
arrangement t h a t  would have a magnetic i n t e n s i t y  exceeding 200 gamma. 

The element of f i r s t  i n t e r e s t  i n  t h e  a n a l y s i s  is t h e  module. A module 
is  comprised of fou r  s t r i n g s  i n  series. 
series, and each group has seven cells  i n  p a r a l l e l .  Nominal r a t i n g  of 
each c e l l  i s  0.423 v o l t ,  0.10 ampere. 
100 v o l t s  and 0.7 ampere. 

Each s t r i n g  has  58 groups i n  

Nominal ou tput  of a module i s  

Magnetic e f f e c t s  t o  b e  considered are due t o  c u r r e n t s  i n  the  s o l a r  cel ls  
and c u r r e n t s  i n  the  s t r ing - to - s t r ing  in te rconnec tor  a t  t h e  ends of t h e  
module t h a t  conduct c u r r e n t  between series s t r i n g s  (see Figure 5-16). 

Strings 

I nterconnector 

0 

1 
Amps 1 

I”’ 

Figure 5-16: CURRENT D l S T R l  BUTION IN STRING INTERCONNECTORS 
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A s  shown in Figure 5-16, the current in the string-to-string intercon- 
nectors is not uniform, but varies along the width of the string. 

Solar cells are considered to be in the.Y-Z plane, with current flowing 
in the Z-direction in the strings and Y-direction in the bus at the end 
of the string. 

- 
B = Magnetic flux density; 

N = Relative permeability = 1; 

I = Current in string = 0.7 ampere; 

R 

S = Distance from I? to plane of current = 1 meter; 

b = Width of a string = 7 x 0.8 x 0.0254 = 0.142 meter; 

W = Thickness of cell conductor; 

L = Length of string = 59 x 0.8 x 0.0254 = 1.23 meters. 

Field at edge of a string: 

7 
= J’ x N~ IY NR I 10- s2 + b2 dy = 2 In 

S 
b 2 + y2)1/2 b ( s  

X 

-1 b 2 x lo-’ NR Is 2 x lo-’ NR I 
tan - . B = /  2 1/2 b S 

dy = 
b (s2 + Y 1 Y 

Field at center of a module from current in cells: 

2 s2 + S 4b21 NR I x 10- 2 
~ 4 1 n  s2 + b - 21n 

S 
b B =  

X 

B = 37.2 gama 
X 

B = 0 .  
Y 

Field at center of module from current in string-to-string 
interconnectors: 

4N, I x bs 
I\ 

2 112 B =  
R2 (R2 + 4b ) 
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B = 2NR I x 10 
X 

112 
- [(i+:)(R2; b2)) +bR 

where : 

B = 23.5 gamma 

B = 1.0 gamma. 

Z 

X 

Total magnetic intensity from current in one module: 

2 2 112 
Bt = (37.2 + 23.5 ) = 43.9 gamma. 

Magnetic Intensity due to Currents in SubpaneZ---Several configurations 
are possible in arranging the subpanel modules. Figure 5-17 shows the 
current flow in the baseline arrangement. In this arrangement, all 
modules are placed uniformly to the negative and positive terminals of 
each module. 
from zero to I along the width of each string. 
connectors flows in the same direction. 
to a magnitude of I. 

The current in each section of string interconnector varies 
The current in all string 

Adjacent connector currents sum 

The spacing between string interconnectors of adjacent modules is small 
compared to module length and width (0.005 meter compared to 1 meter). 
Accordingly, it is valid to assume that the spacing between adjacent 
interconnectors has a negligible effect on the magnetic field. 
60 modules with four string-to-string interconnections each: 

For 

2 
2 112 2 112  

[ S 2  + (2LI2  + (lob) I [ S 2  + (2L) ] 

-7 B = -20 x 10 NR  IS^ 
Z 

2 - + 
[ s 2  + L2 + (lob) I [ s 2  + L2] + [ s 2  + (lob) 2 ] 112 s2 

1 

1 
+ [ s 2  + (3L)2 + (lob) 2 ] 1 / 2 1  

. 

B = 213 gamma 

B = component is < 1 gamma. 
Z 

X 
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Figure 5-17: BASELINE MODULE ARRANGEMENT SHOWING VARIATION OF 
CURRENT IN STRl NG-TO-STRING INTERCONNECTORS 
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Magnetic I n t e n s i t y  due t o  Solar-Cell Current---For 10 s t r i n g s  on e i t h e r  
s i d e  of t h e  c e n t e r l i n e :  

2 x lo-' I NR 
b 

B =  
X 

(b2 + s2)2(9b2 + s2I2(25b2 + ~ ~ ) ~ ( 4 9 b  + + s 2 I 2  I n  
s2(4b2 + + + ~ ) ~ ( 6 4 b ~  + s2)2(100b2 + s2) 

B = 50.7 gamma. 
X 

T o t a l  i n t e n s i t y  = 1 m e t e r  above c e n t e r l i n e  of Subpanel 4: 

4 

2 2 112 
= (50.7 + 213 ) = 219 gamma. BT 

This  va lue  i s  much g r e a t e r  than des i r ed ,  and o t h e r  arrangements of 
modules can b e  used t h a t  enable  nea r ly  zero f i e l d  t o  be  obtained.  

Figure 5-18 shows t h e  d i r e c t i o n  of c u r r e n t  f low i n  t h e  s o l a r  ce l l s  and 
s t r i n g  in te rconnec t ions  t o  produce a minimum f i e l d .  

For a conf igu ra t ion  wi th  n-s t r ing  widths  (1114 modules) on each s i d e  of 
c e n t e r l i n e  i n  one d i r e c t i o n ,  and m-string l eng ths  (module length)  on each 
s i d e  of c e n t e r l i n e  i n  t h e  o t h e r  d i r e c t i o n ,  t h e  magnetic i n t e n s i t y  from 
each s t r i n g  connector is: - )  

r 
2 - 2 

nm 

-7 

b [ s  2 + m 2 L 2 + (n-1) b ] ' I 2  b [ s 2  + m2L2 + n 2 b 2 ] 112 
BZ = NR x 10 

(n-l)b 
+ 2 2 2  2 2 2  2 2 112 

+ 2  2 2  2 2 2  2 2  112 

(s + m L ) [ s  + m L + (n-1) b ] 

] 
( s  + m L )  [ s  + m L  + n b ) ]  

where: 

s = Dis tance  from panel  t o  p o i n t  of i n t e r e s t ;  

b = Width of a s t r i n g ;  

L = Length of a s t r i n g .  

The magnetic i n t e n s i t y  from t h e  s o l a r - c e l l  cu r ren t  i n  each module is: 

2 2)1/2 
y2z2 ( s  + y 

YIZl ( s  + y + z 1 2 2 2 312 dydz. 
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Figure 5-18: SUBPANEL SHOWING MAGNITUDE AND VARIATIONS OF 
CURRENT IN  STRING-TO-STRING INTERCONNECTORS 
FOR A LOW MAGNET1 C INTENSITY 
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For equal  c u r r e n t s  i n  a l l  modules, t h e  magnetic i n t e n s i t y  i s  <1 gamma 
due t o  t h e  s t r i n g  connector  c u r r e n t s  and t h e  c u r r e n t  through t h e  s o l a r  
cells. 
cance l l i ng  c u r r e n t s  i n  string-to-string'connectors.) 

(See F igure  5-19 f o r  a l t e r n a t e  arrangement of cells and modules 

5.2.4 POWER LOSSES FROM CELL INTERCONNECTORS AND FABRICATION 

P r e d i c t i o n  of a r r a y  performance w a s  based on t h e  measurements made on 
56 cells a t  28 *l0C i l lumina ted  a t  100 mw/cm2 w i th  t h e  X-200 s imula tor .  
From t h e s e  d a t a ,  V - I  curves  w e r e  synthes ized  f o r  t h e  c a l i b r a t e d  s e c t i o n  
of t h e  a r r a y .  These V - I  curves  are shown i n  Figures  5-20 and 5-21. 
Maximum power from t h e  56 cells w a s  ca l cu la t ed  t o  be  2.18 w a t t s ,  and 
maximum power of t h e  average c e l l  w a s  0.0389 w a t t .  
i nc rease  i n  ower, t h e  average ce l l  has  a maximum power output  of 0.0545 

48.8 w a t t s .  The test panel  would have less power because of coverg lass  
r e f l e c t i o n  and l o s s e s  i n  in t e rconnec to r s ,  busses ,  and diodes.  From t h e  
synthes ized  curves,  the open-c i rcu i t  v o l t a g e  of t h e  c a l i b r a t e d  s e c t i o n  
w a s  c a l c u l a t e d  a t  4.54 v o l t s  f o r  e i g h t  groups i n  series and t h e  sho r t -  
c i r c u i t  c u r r e n t  w a s  0.619 ampere. Using these  r e s u l t s ,  t h e  va lues  f o r  

open-c i rcu i t  vo l t age  = 36.4 v o l t s ,  s h o r t - c i r c u i t  cu r ren t  1.81 amperes, 
and maximum power 48.8 w a t t s .  To c a l c u l a t e  c h a r a c t e r i s t i c s  of t h e  a r r a y  
a t  o t h e r  temperatures ,  t h e  fol lowing temperature c o e f f i c i e n t s  were used, 
as obtained,  from J.  Sandstrom, Jet Propuls ion Laboratory.  

Assuming a l i n e a r  

a t  140 mw/cm 3 , 28°C. The maximum expected power output  of t h e  panel  w a s  

i t h e  complete pane l  a t  28°C and 140 mw/cm2 wi th  no degradat ion would be: i 

1) A watts/A°C = -0.40%"C; 

2) A o p e n - c i r c u i t  voltage/A"C = -2.5 mv/"C;  

3) A s h o r t - c i r c u i t  current/A°C = 0.0885 m a / " C .  

A t  t h e  maximum power p o i t t ,  t h e  c u r r e n t  i n  each module is  approximately 
0.85 ampere, and t h e  diode vo l t age  drop i s  nea r ly  0.75 v o l t  f o r  tempera- 
t u r e s  between 25 and 100°C. 
t o  b e  1.3 w a t t s .  
temperature,  t h e  power output  a t  55°C would be: 48.8 (1 - 27 x 0.004) = 
43.5 w a t t s .  Power l o s s  due t o  coverg lasses  w a s  determined previous ly  t o  
be  2.9%, and t h e  expected maximum power is then 43.5 x 0.971 = 42.3 w a t t s .  
This  va lue  i s  f u r t h e r  reduced by t h e  series diode l o s s e s  of 1.3 w a t t s .  
The expected maximum power is  40.9 w a t t s  a t  55°C (140 mw/cm2). 

The power l o s s e s  i n  the  diodes w e r e  es t imated 
Using Sandstrom's c o e f f i c i e n t  f o r  power change with 
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Figure 5-19: ALTERNATE ARRANGEMENT OF CELLS AND MODULES 
S H O ~ I N G  CANCELLATION OF CURRENTS I N  STRING-TO- 
STRING INTERCONNECTORS 
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Figure 5-20: SCS-43 SYNTHESIZED GROUP V - l  CURVES 
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GROUPS A-H 
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Figure 5-21: SCS-43 SYNTHESIZED MODULE V - l  CURVES 
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2 The measured values on the 56-cell group at 140 mw/cm , and an average 
temperature of 69.2"C as measured by thermocouples were: 

1) Open-circuit voltage, 3.85 volts; . 

2) Short-circuit current, 0.92 ampere; 

3) Maximum power, 2.59 watts. 

Correction of the measured values to 55°C gives: 

1) Open-circuit voltage, 4.1 volts; 

2) Short-circuit current, 0.90 ampere; 

3) Maximum power, 2.74 watts. 

The measured values at 100 mw/cm2 and an average temperature of 58.3"C, 
as measured by thermocouples were: 

1) Open-circuit voltage, 4.0 volts; 

2) Short-circuit current, 0.67 ampere; 

3) Maximum power, 1.98 watts. 

Correction of these measured values to 55°C gives: 

1) Open-circuit voltage, 4.1 volts; 

2) Short-circuit current, 0.67 ampere; 

3) Maximum power, 2.01 watts. 

Values corresponding to the above, synthesized from individual cell 
measurements, were: 

1) Open-circuit voltage, 4.00 volts; 

2) Short-circuit current, 0.636 ampere; 

3) Maximum power, 1.94 watts. 

Because of the relatively large temperature gradients in the array, the 
average temperature is better determined by open-circuit-voltage measure- 
ments than by thermocouple measurements. Using this method, an average 
temperature of the calibrated section is 55°C when illuminated at 
100 mw/cm2. Moreover, using the open-circuit-voltage method of obtaining 
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Y 

,I 

temperature gives a temperature for the calibrated section of 62.5"C 
when illuminated with 140 mw/"C. Correction of the data to 55°C gives: 

1) Open-circuit voltage, 4.00 volts; 

2) Short-circuit current, 0.92 ampere; 

3) Maximum power, 2.67 watts. 

Summary of Results on Calibrated Cell Section---All data and calculated 
values below referred to 55°C. 
56-cell section could be predicted within close limits and are useful in 
calculating the output of the entire panel. 

These results show that the output of the 

Open-circuit Short-circuit Maximum Power 
(volts) (ampere) (watts ) 

Illumination 
(mw/ cm2) Test Calc Test Calc Test Calc 

100 4.0 4.0 0.67 0.64 1.98 1.94 

- - - 

140 4.1 4.1 0.90 0.89 2.74 2.72 

The actual power output of the array at the test temperature was 40 watts, 
maximum, as determined from V-I characteristics during three measurements 
with 30 minutes between the first and last measurement. 
across the panel varied from a minimum of 55°C to a maximum of 78.9"CY as 
measured by 11 thermocouples. The average temperature change of the panel 
during the 30-minute period was 0.33"C. 
occurred at minimum temperature---this change was a 1.7"C. With the large 
temperature gradient across the panel, the ability to calculate a meaning- 
ful average temperature from thermocouple values is doubltful. Another 
approach is to use the open-circuit voltage value as a measure of average 
temperature. 

The temperature 

The maximum temperature change 

At 28"C, the calculated open-circuit voltage of the panel with no degra- 
dation was 36.4 volts. The measured voltage was 30.2 volts. Using the 
voltage difference between the 28°C calculated value and the measured 
voltage, and the voltage coefficient of -2.5 mv/"C, an average tempera- 
ture of 66.7"C is obtainel for the panel. The arithmetic mean of the 
temperatures measured by thermocouple was 70.0"C. Based on the open- 
circuit voltage temperature value, and a power coefficient of -0.4%/"C, 
the power output at 55"C, 140 mw/cm2, is 41.9 watts. 
of 41.9 watts compares favorably with the power output of 40.9 watts 
calculated for no degradation and with no allowances for power losses in 
the interconnectors. Thus, it is concluded that the power loss due to 
fabrication and interconnectors was insignificant. 

The power output 
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Summary of T e s t  R e s u l t s  ( T A X  1)--- 

Open-circuit Short-circuit Maximum Power 
(vo 1 t s ) .(amperes) (watts) 

Temperature 
("0 Test Test Calc Test Calc Calc - - - - - 
66.7 30.2 1.87 40.0 

55* 32.1 32.1 1.86 1.84 41.9 40.9 

*Test values referred to 55"C, using JPL temperature coefficients. 

5.2.5 POWER LOSSES FROM ENVIRONMENTAL TESTING 

After conditioning the test panel in a thermal-vacuum environment and an 
acoustic test, the panel was illuminated with the X-200 Solar Simulator, 
and power-output tests were made as for TASC 1, and described in Section 
5.2. An intensity and isosolar plot for the solar-simulator beam made 
immediately before the test are shown in Figures 5-22 and 5-23. 

A typical V - I  characteristic curve for this test is shown in Figure 5-24. ) 
At the maximum power point, the output was 38.3 watts. A s  measured by 
11 thermocouples, the average temperature of the array was 65.3"C. The 
temperature from the lowest point on the panel to the highest varied 
from 52.2 to 72.8"C. 
method of obtaining panel temperature was used. Using a calculated 
value of 36.4 volts (based on the analysis discussed in TASC l), for the 
open-circuit voltage at 28"C, a measured value of 30.7 volts, and a 
temperature coefficient of -2.5 mv/"C, the panel temperature was calcu- 
lated as 63.6"C. This compares favorably with the average thermocouple 
temperature of 65.3"C. 
gives essentially the same power output at 55°C. The power output of 
the panel at 55°C would be 39.7 watts. Before the thermal-vacuum and 
acoustic tests, the power output corrected to 55°C was 41.9 watts. The 
difference between the two power-output tests was a decrease of 5.3%. 
The predicted power output for the panel with no degradation was 40.9 
watts. Thus, the power output after thermal-vacuum and acoustic condi- 
tioning was 2.9% less than the value predicted by analysis for no 
degradation. The short-circuit current at the test temperature was 
1.78 amperes, and corrected to 55°C would be 1.77 amperes. 
circuit current at 55°C for TASC 1 was 1.86 amperes. 
short-circuit current between TASC 1 and 2 was 4.8%. 
with the change in maximum power computed from the V-I characteristic 
curves. 

Because of the large gradient, the open-circuit 

Using either method of temperature-averaging 

The short- 
The reduction in 
This agrees closely 

5-40 



D2-113355-6 

a 

I I I 1 I 
cv. 
0 

9. -? 
0 0 

? 0 -  
OV 0 . .  

5-41 



D2-113355-6 

I \ 
\ 

S .C. = SOLAR CONSTANT 

Figure 5-23: I SOSOLAR PLOT OF X-200 SOLAR SIMULATOR 

5-42 



D2-113 355- 6 

4 
to - 
c 
Q 
0 
In 

.. 
Q) 

CI n 
c 

n cn 
I- 

6 > 
(3 
Q 

> 

v 
w 

I- 

F; 

u\ 

v) 
w 
I-- 

v) 
0 
v, 

5-43 



D2-113355-6 

Temperature profiles for Status Checks 1 and 2 are shown in Figures 5-25 
and 5-26. 
and was placed at the same location with respect to the solar simulator 
and within the test area. 
the temperature varied from 56.1"C at the lowest thermocouple on the 
panel to 78.9"C at the highest point. 
gradients indicated that this variation was due to convection. The 
temperature variation across the panel in TASC 2, with an illumination 
of 140 mw/cm2, was from a low of 52.2"C to a high of 72.8"C. 
agreement existed between the thermocouple-measured temperatures and the 
values calculated from open-circuit voltage measurements. For TASC 2, 
the average temperature measured by thermocouple was within 1.7"C of the 
value calculated using open-circuit voltage. During the test, the average 
panel temperature measured by thermocouple changed by -1.4"C. 
individual thermocouple temperatures varied from -2.2 to +1.7"C. The 
open-circuit voltage did not change an observable amount during this 
period. A high-potential test at 400 volts d.c. was made with no 
breakdown. 

The panel was in the same vertical position for both tests, 

For TASC 1, with an illumination of 140 mw/cm2, 

Examination of the temperature 

Good 

Changes in 

The test panel was subjected to vibration test, and then retested to 
determine electrical characteristics. This test was made with the con- 
ditions as for the two previous TASC's. An intensity scan of the X-200 
Solar Simulator is shown in Figure 5-27. The panel was illuminated with 
140 mw/cm2, as measured with the standard cell, Jet Propulsion Laboratory 
BFS 302. 
before the test. It appeared these would not appreciably affect power 
output, and the test was made without cleaning or conditioning the panel. 
The maximum power output determined from five V-I curves was 37.2 &O.l 
watts at the test temperature. 
shown in Figure 5-28. Temperatures of the cells, as measured by thermo- 
couple, ranged from 50.0 to 71.1"C. The average thermocouple temperature 
was 63.3"C. During the test period, the average thermocouple temperature 
varied from a minimum of 62.9"C to a maximum of 63.6"C. The open-circuit 
voltage did not change from 31 volts. 

A small amount of dust particles were observed on the cells 

A typical V-I  characteristic curve is 

As measured by open-circuit voltage, the average temperature of the cells 
was 61.8"C. The difference between the two temperature-determination 
methods was only 1.5"C. A temperature profile of the array during TASC 3 
is shown in Figure 5-29. Using the open-circuit-voltage temperature 
value, the power output of the panel (referred to 55°C) was 38.2 watts. 
The open-circuit voltage (referred to 55°C) was 32.1 volts; short- 
circuit current (referred to 55°C) was 1.68 amperes. 

High-potential testing at 400-volts d.c. was made with no breakdown. 
Following the test to obtain the above data, particles on the solar cells 
were brushed from the panel with a soft brush. 
was noted in power output. Electrical-test results are summarized in 
Table 5-4. 

No observable difference 
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Table 5-4: SUMMARY OF ELECTRICAL SCS-43 TEST RESULTS 
(140 mw/cm2 Using X-200 S o l a r  Simulator) 

Panel  Temperature ("C) Open-circuit  

55OC 

1 70.6 66.7 30.2 32.1 

Voltage ( v o l t s )  

T e s t  
S t a t u s  Average Open-circuit  
Check - Voltage Method c_ 

The rmoc oup 1 e 

2 65.3 63.6 30.7 32.1 

3 63.3 61.8 31.0 32.1 

S h o r t - c i r c u i t  Current  
(amp er es ) 

- T e s t  55°C T e s t  55°C (%I - 

Maximum Power 
(wat ts)  Change i n  Power 

from TASC 1 

1.87 1.86 40.0 41.9 --- 

1 . 7 8  1 . 7 7  38.3 39.7 5.3 

1.69 1.68 37.2 38.2 8.8 

T e s t :  Values from V - I  c h a r a c t e r i s t i c  curves a t  panel  test 

55°C: T e s t  va lues  ( r e f e r r e d  t o  55°C) using JPL temperature 
temperature.  

c o e f f i c i e n t s  . 
Smmary and Conclusions of TASC's---Power-output tests w e r e  made on t h e  
SCS-43 f u n c t i o n a l - t e s t  pane l  using t h e  X-200 Solar  Simulator t o  i l lumi-  
n a t e  t h e  panel .  T e s t s  w e r e  made: 

1 )  A f t e r  completion of f a b r i c a t i o n ;  

2) A f t e r  t h e  thermal-vacuum and a c o u s t i c  tests; 

3) A f t e r  t h e  v i b r a t i o n  tests. 

The complete panel  contaiced 896 s o l a r  cel ls .  A s p e c i a l  group of 56 
cells w a s  measured b e f o r e  and a f t e r  i n s t a l l a t i o n  on t h e  pane l . '  From 
measurements made before  i n s t a l l a t i o n ,  t h e  power output  of t h e s e  cel ls  
a f t e r  i n s t a l l a t i o n  w a s  p red ic ted  t o  w i t h i n  0.02 w a t t ,  0.7%, a t  140 
mw/cm2. 
complete panel .  
g r e a t e r  than expected from measurements made on t h e  56 c e l l s .  
power output  a f t e r  t h e  thermal-vacuum and a c o u s t i c  tests was 5.3% less 
than before  these  tests. Following the  tests, the  panel  was subjected 
t o  v i b r a t i o n  t e s t i n g ,  and power output  a f t e r  v i b r a t i o n  t e s t i n g  w a s  8.8% 
less than t h e  i n i t i a l  va lue  before  thermal-vacuum t e s t i n g .  The panel  
withstood 400-volty h igh-poten t ia l  t e s t i n g  between c e l l s  and s t r u c t u r e ,  
wi th  no i n d i c a t i o n  of breakdown o r  low i n s u l a t i o n  r e s i s t a n c e .  During 
t h e  e l e c t r i c a l  t e s t ,  t he  average panel  temperature s t a b i l i z e d  w i t h i n  5 

This  information w a s  used t o  p r e d i c t  t h e  power output  of t h e  
The power output  of t h e  panel  a f t e r  f a b r i c a t i o n  w a s  2.4% 

However, 
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minutes t o  less than 1°C change. Temperature v a r i a t i o n  across  t h e  pane l  
w a s  approximately 22"C, from minimum t o  maximum. This  v a r i a t i o n  appeared 
t o  be due t o  convection hea t ing  a s s o c i a t e d  with t h e  v e r t i c a l  mounting of 
t h e  pane l  during t e s t i n g .  Average temperature of t h e  panel ,  as measured 
by thermocouples during t h e  tests, was :  TASC 1, 70.6"C; TASC 2, 65.3"C; 
TASC 3, 63.3"C. 
success ive  measurements w a s  determined f o r  a T A X  w a s  approximately 0.25%. 
The amount of experience a t  t h i s  t i m e  wi th  the  X-200 does not  j u s t i f y  a n  
es t imated ,  a b s o l u t e  accuracy of b e t t e r  than &5%. However, t h e  p r e c i s i o n  
of t h e  measurements i n d i c a t e s  t h a t  t h e  accuracy may be  as c l o s e  as *2%. 
Therefore,  i t  is  concluded t h a t  t h e  power-output decrease of t h e  a r r a y  
w a s  caused by t h e  e f f e c t s  produced by t h e  environmental-conditioning, 
thermal-vacuum, a c o u s t i c ,  and v i b r a t i o n  tests. 

The p r e c i s i o n  wi th  which t h e  maximum power between 

5-51 



D2-113355-6 

‘i 

6.0 MATERIAL P R O P E R T I E S  AND P R O C E S S E S  

This section presents the process specrfications and structural design 
allowables established for the LASA program. 
of the material, special emphasis was placed on the investigation of 
beryllium fracture mechanics and the effects of flaws. 

Because of the brittleness 

6 . 1  PROCESSES DEVELOPMENT 

Processes and compatible material combinations for bonding of fiberglass 
tape, titanium, beryllium, and aluminum to meet LASA requirements were 
not available. The process, handling, and fabrication requirements for 
the fiberglass tape are new and unique. The rigid coverglass bond-line 
thickness required new processing techniques. 
interconnector had never been soldered to solar cells and bus bars. 
Cleaning processes for bonding beryllium also had to be developed. 

The particular type of 

Processes were needed for: 

Coverglass bonding; 

Interconnector fabrication; 

Interconnector-to-solar-cell soldering; 

Fabrication of fiberglass tape substrate; 

Beryllium machining; 

Beryllium forming; 

Structural bonding; 

Solar cell bonding; 

Bus bar and diode bonding; 

Thermal control coating 

Bus interconnections; 

Solar cell and interconnector repairs. 

Some of these processes were derived from the LASA small components 
test program, whereas others were developed from existing Boeing material 
specifications. The specifications for these processes are presented in 
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Boeing Document D2-113354-1, Process Speci f icat ion,  Large Area Solar  
Array. I n  gene ra l ,  t h e  document desc r ibes  f a b r i c a t i o n  and assembly 
processes  i n  t h e  o rde r  needed. 

6.2 STRUCTURAL DESIGN ALLOWABLES 
I 

Many, b u t  no t  a l l ,  a l lowables  are a v a i l a b l e  i n  Boeing Design Document 
DM-5000, which con ta ins  material a l lowables .  Some al lowables  i n  
DM-5000 w e r e  modified and used f o r  LASA. 
grams furn ished  t h e  d a t a  f o r  e s t a b l i s h i n g  design va lues  f o r  t h e  allow- 
a b l e s  f o r  f i b e r g l a s s  t ape ,  beryl l ium t e n s i l e  s t r e n g t h ,  and c e r t a i n  
adhesives .  
t h e  s m a l l  component test programs of LASA. Figures  6-7 through 6-9 
were furn ished  by Boeing Corporate Technical  S t a f f  f o r  materials allow- 
ab le s .  
LASA. ) 

The s m a l l  component test pro- 

Figures  6-1 through 6-6 r ep resen t  a l lowables  der ived  from 

(See Figure 6-13 f o r  beryl l ium t e n s i l e  a l lowables  s e l e c t e d  f o r  

6 .3  FRACTURE MECHANICS DEVELOPMENTS 

The al lowable t e n s i l e  stress f o r  beryl l ium depends on four  f a c t o r s :  
(1) the  p l ane - s t r a in  f r a c t u r e  toughness c o e f f i c i e n t  KIC of t h e  material ,  
(2) t he  l a r g e s t  f law p resen t  i n  t h e  material, ( 3 )  t he  rate of f law 
growth, and ( 4 )  t he  requi red  l i f e  of t h e  p a r t  measured i n  load cyc les .  
The f i r s t  and t h i r d  i t e m s  are p r o p e r t i e s  of t h e  material  and must be 
determined by test;  t h e  second i s  a func t ion  of t h e  in spec t ion  t o  which 
the  f i n a l  p a r t s  are sub jec t ed ;  t h e  fou r th  i s  determined by the  environ- 
ment. I n  t u r n ,  t h e  f r a c t u r e  c o e f f i c i e n t  KIC is  a func t ion  of t he  
temperature and t h e  rate a t  which the  material is being s t r a i n e d  ( see  
Reference 5 ,  Sec t ion  1 1 . 2 ) .  

S t r u c t u r e s  f a b r i c a t e d  of bery l l ium a l l o y  (and even t h e  r a w  material 
i t s e l f )  con ta in  flaws of var ious  kinds and s i z e s .  The l i v e s  of t hese  
s t r u c t u r e s  are con t ro l l ed  by the  flaw s i z e s  requi red  t o  cause f r a c t u r e  
a t  the  ope ra t ing  stress l e v e l s ,  t h e  i n i t i a l  f law s i z e s ,  and the  sub- 
c r i t i c a l  f law growth c h a r a c t e r i s t i c s  of t h e  a l l o y .  

Accurate information on the  va lues  of KIC and i t s  r e l a t i o n  t o  temperature 
and s t r a i n  w a s  no t  a v a i l a b l e ;  t h e  SCS-5 tests were performed t o  ob ta in  
t h i s  information.  These tests have been repor ted  and analyzed i n  
Boeing Document D2-113565-1. 
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These tests w e r e  conducted on specimens having the  i n i t i a l  f law made by 
an  e lec t r ic  d ischarge  machine, as shown i n  Figure 6-11. A c rack  w a s  
s t a r t e d  from t h i s  i n i t i a l  f law by l o w  stress i n t e n s i t y  cyc l ing .  The 
va lue  of KIC i s  then  computed thus:  

K I C  = 

The technique used f o r  p r e d i c t i n g  the  s u b c r i t i c a l  c y c l i c  o r  sus ta ined-  
stress f law growth involves  f r a c t u r e  specimen t e s t i n g  and t h e  stress 
i n t e n s i t y  concept.  The  t i m e  o r  cyc le s  t o  f a i l u r e  a t  a given maximum 
gross  stress l e v e l  depends on t h e  magnitude of t h e  i n i t i a l  stress in-  
t e n s i t y  of t h e  f law t i p ,  KI-, compared t o  t h e  c r i t i c a l  stress i n t e n s i t y ,  
KIC. The r a t i o  of t h e  i n i t i a l - t o - c r i t i c a l  f law s i z e  i s  r e l a t e d  t o  t h e  
stress i n t e n s i t y  r a t i o  as fol lows : 

The minimum s t r a i n  rate t h a t  bery l l ium w i l l  experience i n  the  LASA is 
about 0.2 sec-1. 
t h i s  r e s u l t s  i n  t h e  parameter P = 8 x lo3. From seven tests a t  -60°F 
wi th  h igh  stress rates and one a t  -200OF wi th  a low stress ra te ,  a 
minimum KIC of 11 k s i  4-h w a s  found (Figure 6-12). 
r e l a t i v e l y  i n s e n s i t i v e  t o  f u r t h e r  reduct ions  i n  temperature and/or  
increases i n  s t r a i n  rate ( t o  0.9 x lo5 sec-l) . 
o r  h igher  temperatures ,  h igher  va lues  of KIC could be considered. A 
p l o t  of test  va lues  of stress i n t e n s i t y  r a t i o ,  K I ~ : K I C ,  obtained f o r  a 
c y c l i c  stress---zero-max-zero ( t ens ion ) ,  30 Hz, and -GOOF---is shown 
i n  Figure 6-13. 
reduct ion  i n  c y c l i c  l i f e  a t  t he  1,800 cyc le s  p red ic t ed  f o r  LASA. 

For t h e  low s t r u c t u r a l  temperature extreme of -60°F, 

This  va lue  is 

A t  lower s t r a i n  rates 

These d a t a  i n d i c a t e  t h a t  t h e r e  w i l l  be  an i n s i g n i f i c a n t  

A rev ised  curve of app l i ed  stress versus  c r i t i c a l  f law s i z e  based on 
KIC = 11 k s i  d m  i s  shown i n  Figure 6-14. 
KIC w i l l  permit  t he  use  of a h igher  design t e n s i l e  s t r e n g t h  than t h e  
prev ious ly  used KIC of 7.5 and w i l l  p e r m i t  a l a r g e r  f law s i z e .  
design t e n s i l e  s t r e n g t h  of 45,000 p s i  w a s  s e l e c t e d  because t h e  loads 
are r e v e r s i b l e ;  t h e r e f o r e ,  no weight reduct ions  can be made by using a 
design t e n s i l e  s t r e n g t h  g r e a t e r  than  t h e  design compression y i e l d  
s t r e n g t h  of t h e  material. 

It i s  apparent  t h a t  t h i s  

A 

Although a f law s i z e  of 0.015 inch  may be t o l e r a t e d  a t  t h i s  stress 
level, i t  is  s t i l l  adv i sab le  t o  in spec t  f o r  as s m a l l  a flaw as poss ib l e  
t o  ensure  f ind ing  l a r g e r  flaws. It is  d i f f i c u l t  t o  l o c a t e  and measure 
t h e  s i z e  of flaws i n  beryl l ium. Dye penet ran t  w a s  used t o  l o c a t e  
su r face  f laws ,  and eddy cu r ren t s  t o  determine s i z e s ;  eddy cu r ren t s  can 
a l s o  be  used t o  l o c a t e  and measure the  subsurface f laws.  F l a w s  as 
s m a l l  as 5 m i l s  can be  de tec ted .  

c 
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7.0 QUALITY ASSURANCE 

7 . 1  EFFECTIVENESS OF TECHNIQUES FOR DETECTING DEFECTS 

Y 

The des ign  a l lowables  e s t a b l i s h e d  f o r  t h i s  program requi red  t h a t  
Qual i ty  Control  p e r f e c t  a method t o  i n s p e c t  bery l l ium f o r  i n t e r n a l  and 
e x t e r n a l  cracks as s m a l l  as 5 m i l s  i n  depth.  Therefore ,  a t  t h e  start 
of Phase I ,  i n v e s t i g a t i o n s  w e r e  s t a r t e d  on nondes t ruc t ive  test (NDT) 
techniques used by Boeing on o t h e r  beryl l ium programs and on methods 
used by o t h e r  companies. 

Radiographic techniques w e r e  f i r s t  thought t o  be t h e  most promising, 
and a s tudy program w a s  i n s t i t u t e d .  
qu i red  f o r  beryl l ium. 
ba re  f i lm ,  and i n e r t  gas atmospheres. These b r i e f  s t u d i e s  ind ica t ed  
t h a t  a comprehensive research  program would be r equ i r ed  be fo re  an 
ope ra t iona l  technique could be developed, and t h a t  continued develop- 
ment work would c o s t  much more than  budgets allowed. 

Spec ia l  X-ray techniques are re- 
T e s t s  included use  of a s p e c i a l  v a u l t  darkroom, 

Ul t r a son ic  techniques w e r e  considered,  bu t  a l l  methods app l i cab le  t o  
beryl l ium requi red  t h e  use  of a l i q u i d  couplant .  Liquid couplants  are 
no t  compatible wi th  LASA p a r t  conf igura t ions  because of t h e  d i f f i c u l t y  
of dry ing  i n t e r n a l  p a r t  su r f aces .  

Penet ran t  i n spec t ion  techniques w e r e  a l s o  s t u d i e d ,  and i n  mid-December 
1966 a s p e c i f i c  pene t r an t  and in spec t ion  procedure w e r e  adopted t o  
d e t e c t  h a i r l i n e  s u r f a c e  cracks.  Qual i ty  r e l i e d  on t h e  pene t ran t  method 
a f t e r  mid-December f o r  i n spec t ion  of d e f e c t s  a f t e r  t h e  chemical-milling 
opera t ion .  
of t h e  pene t r an t ,  t h e r e  w e r e  t i m e s  when d e f e c t s  would have gone unde- 
t e c t e d  o r  t h e  f u l l  e x t e n t  of t h e  d e f e c t  would no t  have been known with- 
ou t  pene t r an t  inspec t ion .  On d e t a i l s  where the  pene t ran t  i n spec t ion  
ind ica t ed  a c rack ,  p a r t i c u l a r l y  i f  i t  w e r e  on o r  i n  c l o s e  proximity of 
a bend, t he  d e t a i l  w a s  routed t o  the  q u a l i t y  assurance labora tory  f o r  
a more thorough inspec t ion  wi th  eddy c u r r e n t  techniques.  This  a f forded  
more d e t a i l  ( inc luding  accu ra t e  dimensions) on t h e  crack,  a ided engi- 
neer ing  i n  determining p a r t  d i s p o s i t i o n s ,  and permit ted f u r t h e r  
development of eddy-current techniques f o r  use i n  l a t e r  program phases. 

Although many d e f e c t s  might have been seen  without  t he  a i d  

Eddy-current techniques are u s e f u l  f o r  d e t e c t i n g  subsurface de fec t s .  
Eddy c u r r e n t  has d i s t ingu i shed  between a 0.007-inch-deep crack i n  th in-  
gage bery l l ium and t h e  surrounding su r face  roughness. The use  of 
through-transmission (phase-detection) permits  d e t e c t i o n  and measure- 
ment of 5-mil cracks.  

4 
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Program p a r t s  sub jec t ed  t o  eddy-current i n spec t ion  included SCS-50 
channels.  One s u r f a c e  c rack  ( o r i g i n a l l y  de t ec t ed  by pene t r an t  i n spec t ion )  
w a s  measured and found t o  be  less than  0.005 inch  i n  i t s  major dimension. 
Severa l  minor laminar  flaws w e r e  a l s o  de-tected,  b u t  t h e  channels w e r e  
accepted f o r  use.  Eddy-current i n spec t ion  of SCS-43 and -50 had t o  be 
performed on i n d i v i d u a l  p a r t s  before  bonding opera t ions .  
assemblies  are bonded, adhesive covered areas and shea r  webs reduce t h e  
t o t a l  area a c c e s s i b l e  t o  in spec t ion . )  

(Af te r  

In spec t ion  of t he  s o l a r  ce l l / cove rg la s s  assembly requi red  the  measure- 
ment of t h e  bondl ine th ickness .  A l i g h t - s e c t i o n  microscope w a s  success- 
f u l l y  employed f o r  t h i s  purpose. 

7 a 2 CONFIGURATION CONTROL 

The f i r s t  conf igura t ion-da ta  i t e m  is  t h e  engineer ing drawing. Control  
p o i n t s  w e r e  t h e  drawing and p a r t  number; l ists of materials,  no te s  and 
r e fe rences ;  r e v i s i o n  da ta ;  approval  s igna tu re ;  and design.  The com- 
p l e t eness  of q u a l i t y  review of engineer ing drawings w a s  commensurate 
wi th  t h e  category of equipment; e i t h e r  complete o r  p a r t i a l  s u r v e i l l a n c e  
w a s  involved. Drawings f o r  complete s u r v e i l l a n c e  i t e m s  w e r e  thoroughly 
reviewed by Qua l i ty  Control .  In spec t ion  of designs and l i n e  in spec t ion  
requirements w e r e  t h e  primary c r i t e r i a .  

The engineer ing shop support  reques t  (ESSR) e s t a b l i s h e d  the  release of 
drawings, materials, p a r t s ,  and man-hours f o r  s p e c i f i c  f a b r i c a t i o n  
ac t iv i t ies .  
r equ i r ing  q u a l i t y  con t ro l .  

Program Qual i ty  Assurance reviewed and approved a l l  ESSR'S 

The i n t e g r a t e d  record system used i n  LASA c o n s i s t s  of two b a s i c  forms. 
The f i r s t  is t h e  planned event  record ,  completed by Manufacturing 
Planning personnel  provides  d e t a i l  and s e q u e n t i a l  i n s t r u c t i o n s  t o  the  
shop concerning t h e  f a b r i c a t i o n  of LASA hardware. This record r e fe r -  
ences and supplements engineer ing drawings and documentation. Planned 
event  records  w e r e  reviewed and approved by Qual i ty  Control  on a l l  
complete s u r v e i l l a n c e  i t e m s  before  release t o  t h e  shops o r  l a b o r a t o r i e s .  
Shop-line in spec t ion  and q u a l i t y  c o n t r o l  labora tory  personnel  v e r i f y  
acceptab le  completion of planned event  i n s t r u c t i o n s  on complete sur- 
v e i l l a n c e  equipment. Qual i ty  Control  labora tory  r e p o r t s  conta in ing  
d e t a i l s  and r e s u l t s  of eva lua t ion  tests (e .g . ,  bery l l ium a n a l y s i s  and 
adhesive p r o p e r t i e s )  form a p a r t  of t h e  planned events .  

The second b a s i s  form i s  the  unplanned event  record (UER), which makes 
up the  last  p a r t  of t h e  conf igura t ion  c o n t r o l  system. These UER'S can 
be  i n i t i a t e d  by any personnel  aware and informed on a p a r t i c u l a r  non- 
conformance during f a b r i c a t i o n  and assembly. They desc r ibe  t h e  rework 
o r  design changes requi red  t o  f a b r i c a t e  acceptab le  hardware. 
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Processing of t h e  unplanned records  e n t a i l s  t h r e e  b a s i c  e n t r i e s :  (1) a 
s ta tement  of t h e  hardware problem; (2 )  a n  engineer ing  "d ispos i t ion"  
d i r e c t i n g  t h a t  t he  p a r t  be used as is  o r  reworked o r  scrapped;  and 
(3) a s ta tement  (not  always necessary)  by t h e  p a r t i c u l a r  shop o r  lab- 
o ra to ry  t o  exp la in  what is being done t o  avoid recur rence  of t h e  
unplanned event .  

A s  of February 15, 1968, over  500 i n d i v i d u a l  p a r t  p lans  had been 
reviewed by Qual i ty  Control  and over  100 unplanned records  concerning 
s o l a r  cel ls ,  bery l l ium,  and t i t an ium had been processed. A d i scuss ion  
of hardware q u a l i t y  t r ends ,  summarized from d a t a  c o l l e c t e d  on unplanned 
records ,  i s  presented  i n  Sec t ion  7.4 below. 

Line- inspect ion personnel  v e r i f i e d  UER nonconformance and c o r r e c t i v e  
a c t i o n  requested by engineer ing.  Nonconformances can be co r rec t ed  by 
rework t o  drawings o r  engineer ing changes t o  drawings, etc. ,  o r  by con- 
vening a material review board (MRB). An MRB eva lua t ion  r e s u l t s  i n  one 
of t h r e e  d i s p o s i t i o n s :  use  as is ,  rework, o r  s c rap .  The planned and 
unplanned records  accompany t h e i r  corresponding p a r t  and serial-  
numbered hardware throughout p l a n t  processing so t h a t  an  up-to-date, 
on-the-spot s t a t u s  of program equipment i s  a v a i l a b l e .  When assemblies  
have been completed, a l l  such records  are sent  t o  r e t e n t i o n  f i l e s .  I n  
add i t ion ,  Qual i ty  Control  compiles a s o l a r  a r r a y  conf igura t ion  summary 
conta in ing  a c t u a l  conf igu ra t ion  l i s t i n g s ,  i d e n t i f y i n g  p a r t  numbers, 
nomenclature, ser ia l  numbers, drawing r e v i s i o n  da ta ,  and quant i ty .  
Also included are b r i e f  s ta tements  i d e n t i f y i n g  and expla in ing  non- 

p a r t  number w a s  subjec ted .  These d a t a  packages w i l l  be  r e t a ined  f o r  a 
maximum of 18 months a f t e r  completion of Phase 111, as s t a t e d  i n  t h e  
d e t a i l e d  q u a l i t y  assurance plan.  

a conformance dev ia t ions  and c o r r e c t i v e  a c t i o n  t o  which each end-item 
/ 

7.3 DESIGN REVIEWS, LABORATORY CERTIFICATIONS, AND LINE INSPECTIONS 

A s  of May 1, 1968, 1 3  design reviews, 5 s p e c i f i c a t i o n  reviews, 1 4  
l abora tory  c e r t i f i c a t i o n s ,  and 3 s u p p l i e r  surveys have been completed. 
Line and rece iv ing  in spec t ions  are continuous.  

I n i t i a l  surveys have been conducted of companies t h a t  supply beryl l ium 
su r face  condi t ion ing ,  shear  t e e t h ,  and motor/cable drums. 

Boeing has been represented  during processing of beryl l ium a t  the  
s u r f a c e  condi t ioning s u p p l i e r ' s  p l a n t  i n  Phase 11. 

Boeing service l a b o r a t o r i e s  have submitted r e p o r t s  on LASA material  
c e r t i f i c a t i o n s  f o r  s u b s t r a t e  tape ,  adhesives ,  bery l l ium,  s i l v e r  mesh, 
s o l d e r ,  and s e v e r a l  o t h e r  i t e m s .  Also, f a c i l i t i e s  and equipment have 
been t e s t e d  and c e r t i f i e d  t o  m e e t  program requirements f o r  processing 
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environments and condi t ions .  Examples of t he  l a t t e r  inc lude  c l e a n l i n e s s  
cond i t ions ,  chemical i ng red ien t s  of c l ean  tanks ,  and condi t ions  of 
pene t r an t  i n spec t ion  opera t ions .  

7.4 IDENTIFICATION OF HARDWARE PROBLEMS 

Following c o l l e c t i o n  and a n a l y s i s  of d a t a  from t h e  unplanned record ,  
hardware q u a l i t y  t r ends  w e r e  p l o t t e d  and submit ted f o r  program manage- 
ment review on a p e r i o d i c  b a s i s .  Figure 7-1 and Table 7-1 d e p i c t  s o l a r -  
ce l l / cove rg la s s  and bery l l ium p a r t  d e f e c t s  during MTA-1 processing.  
Beryll ium d e f e c t s  are i d e n t i f i e d  wi th  t h e  p a r t i c u l a r  processes  involved,  
a long wi th  a breakdown of f i n a l  d i s p o s i t i o n s  i n  each case. 

Solar -ce l l /coverg lass  bond voids  and delaminat ions ( see  Figure 7-1) 
w e r e  caused by d e f e c t i v e  too l ing  and s h o r t  bondl ine  curing t i m e .  
i ng  w a s  co r rec t ed  and cur ing  t i m e s  were increased  t o  s o l v e  t h i s  problem. 
Broken ce l l  assemblies  w e r e  mainly the  r e s u l t  of improper handling. 
New t r a i n e e s  w e r e  c l o s e l y  superv ised  t o  c o n t r o l  t h i s  problem. The 
s i lver  p e e l  problem w a s  a t t r i b u t e d  t o  d e f e c t i v e  s i lver  coa t ing  on s o l a r  
cells rece ived  a t  Boeing. So la r - ce l l  opera t ions  w e r e  suspended f o r  
t h i s  reason.  
assemblies  had been inspec ted .  

Tool- 

F igure  7-1 shows t h a t  some 5,400 so la r - ce l l / cove rg la s s  

The f a b r i c a t i o n  of MTA-1 involved t h e  forming, chem-milling, and t r i m -  
ming of 777 bery l l ium p a r t s  and t h e  r e c e i p t  of 361 p ieces  of r a w  
bery l l ium from vendors. 

Table 7-1 summarizes 231 beryl l ium p a r t s  t h a t  w e r e  r e j e c t e d  by l i n e  
inspec t ion .  Unplanned records w e r e  processed f o r  t hese  p a r t s ,  and 
material reviews conducted. O f  t h e  t o t a l ,  79 p a r t s  were d i spos i t i oned  

use-as-is", 46 p a r t s  w e r e  used a f t e r  rework, 103 w e r e  re turned  t o  
vendors,  and 3 w e r e  scrapped. The t h r e e  p a r t s  scrapped ( a c t u a l l y  
removed from f a b r i c a t i o n  and pu t  i n  i s o l a t e d  s to rage )  cons is ted  of two 
channels approximately 4C inches i n  l eng th  and one f l a t  p a r t  of 
1- by 0.5-inch area. 

1 1  

c 
4, 

Early i n  Phase 11, cracks, d i e  marks, and s t r a i g h t n e s s  and dimension 
de fec t s  w e r e  caused by problems wi th  forming d i e s .  Manufacturing 
Development personnel  inves t igaged  and co r rec t ed  alignment,  p re s su re ,  
and shimming condi t ions  of forming t o o l s  t o  e l imina te  these  de fec t s .  
Surface p i t t i n g  and pa r t - s t r a igh tness  d e f e c t s  w e r e  observed a f t e r  
chemical-mill ing.  Clean e tch ing  of p a r t s  and b e t t e r  shipping conta iner  
packaging techniques decreased the  number of d e f e c t s .  
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8.0 PRODUCT ASSURANCE AND R E L I A B I L I T Y  

The fol lowing s e c t i o n s  d i scuss  f a i l u r e  mode and e f f e c t s  a n a l y s i s  (FMEA), 
r e l i a b i l i t y  p r e d i c t i o n s ,  product  s a f e t y ,  and m a i n t a i n a b i l i t y ,  t oge the r  
wi th  comments on s i g n i f i c a n t  program developments. 

8.1 FAILURE MODE AND EFFECTS ANALYSIS (FMEA) OF ARRAY 

The complete f a i l u r e  mode and e f f e c t s  a n a l y s i s ,  inc luding  t h e  c o l l a t e d  
FMEA d a t a  s h e e t s ,  app ropr i a t e  f u n c t i o n a l  diagrams, and a more d e t a i l e d  
d e s c r i p t i o n  has  been publ ished s e p a r a t e l y  as Boeing Document D2-114081-1, 
Failure Mode and Ef fec t  Analysis, Large Area Solar Array, i n  which 
e lec t r ica l  power, mechanisms, and s t r u c t u r a l  subsystems are t r e a t e d  
sepa ra t e ly .  

A s p e c i a l  thermal e f f e c t s  summary has  a l s o  been included i n  D2-114081-1. 
This summary dev ia t e s  from t h e  usua l  FMEA d a t a  s h e e t  format because i t  
a t tempts  t o  t a b u l a t e  t h e  e f f e c t s  of thermal anomalies and t o  i d e n t i f y  
t h e  r e spons ib l e  o r  cognizant  personnel  and organiza t ion  and t h e  r e l evan t  
tests and c o n t r o l  measures. 

The r e s u l t s  of t h e  FMEA confirm t h e  l a c k  of c r i t i c a l  fai lure ,modes wi th  
a se r ious  r i s k  on t h e  electrical  power subsystems. The buses and cross-  
overs are t h e  obvious c r i t i ca l  components both f o r  open and s h o r t  
c i r c u i t s ;  however, r i s k  appears t o  be n e g l i g i b l e .  

The mechanism subsystems have many c r i t i c a l  f a i l u r e  modes t h a t  could 
prevent  100% deployment. Jamming, i n t e r f e r e n c e ,  o r  excess ive  f r i c t i o n  
i n  the  tiedown release o r  deployment sequence are poss ib l e .  The FMEA 
on the  boos t  tiedown release w a s  n o t  developed t o  a lower level of 
hardware, because t h e  r e s u l t  would be r e p e t i t i o u s .  S ing le  f a i l u r e  of 
any of t h e  c e n t e r - t i e  releases o r  of t h e  corner  releases a t  S t a t i o n s  
123.7 o r  169.9 would be c r i t i c a l ,  as would f a i l u r e  of most of t he  cable  
release and l inkage  system. The deployment subsystem is  a l s o  c r i t i c a l  
as t o  jamming o r  s e i z u r e  f a i l u r e  modes. I n  summary, t h e  FMEA of t h e  
mechanisms subsystems confirms t h e  c r i t i c a l  need f o r  thorough review, 
test ,  q u a l i t y  c o n t r o l ,  and system checkout t o  ensure t h a t  a l l  of t h e  
c r i t i c a l  components of t hese  subsystems are r e l i a b l e .  
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8.2 FAILURE MODE AND EFFECTS ANALYSIS (FMEA) OF GSE 

Boeing Document D2-114081-2, Failure Mode and Effects Analysis, Ground 
Support Equipment, Large Area Solar  Array, is  an  a n a l y s i s  of deployment 
equipment and o t h e r  GSE t o  i d e n t i f y  known p o t e n t i a l  causes  of damage t o  
test art icles o r  of i n v a l i d  test da ta .  
pane l  assemblies  are much l a r g e r  i n  area than  customary s p a c e c r a f t  
components and are vu lne rab le  t o  damage, i t  is  important  t h a t  t h e  
handl ing equipment no t  in t roduce  preventab le  r i s k  of damage. 

Because t h e  LASA subpanels and 

Usage diagrams o r  flow c h a r t s  t h a t  show t h e  use of GSE and t h e  i n t e r -  
f aces  w i t h  test a r t i c l e s  and opera t ions  are based on t h e  t es t  a r t ic le  
flow. The FMEA d a t a  s h e e t  format w a s  modified f o r  GSE. Known human 
e r r o r  r i s k s  and e x t e r n a l l y  caused condi t ions  w e r e  noted. The o b j e c t i v e  
w a s  t o  i d e n t i f y  these  r i s k  areas i n  a d d i t i o n  t o  t h e  customary hardware 
f a i l u r e  r i s k s  so t h a t  t e s t  personnel  can take e f f e c t i v e  precaut ions .  

A prel iminary FMEA f o r  t he  MTA-4 deployment and handl ing equipment has  
a l s o  been included i n  t h i s  phase. 

S i g n i f i c a n t  r i s k s  i n  deployment ope ra t ions  noted i n  t h e  FMEA inc lude :  

1) A i r  gusts---It w i l l  be necessary t o  enforce  s t r ic t  superv is ion  of 
en t rances  t o  t h e  high-bay test area during deployment test  
ope ra t ions ;  

2) Track d e f e c t s ;  

3) Loosening of potent iometer  a t tachments;  

4) Tipping, c o l l i s i o n ,  o r  improper support  during loading of t h e  
test art icles i n t o  the  deployment f i x t u r e  o r  during deployment; 

5)  F a i l u r e  t o  fol low a i r  s l e d  wi th  tender ;  

6 )  Improper adap te r  i n s t a l l a t i o n  t o  cause binding.  

Human e r r o r  and e x t e r n a l l y  caused condi t ions  have been found t o  cons t i -  
t u t e  t he  major r i s k  areas f o r  handl ing equipment opera t ions .  
t h e  r i s k s  are: 

Some of 

1 )  I n t e r f e r e n c e  of pro t ruding  p a r t s  of t h e  p r o t e c t i v e  covers with t h e  
subpanel during i n s t a l l a t i o n  o r  removal of t h e  covers;  

f 

2) Dropping, upse t ,  o r  c o l l i s i o n  caused by e r r o r  i n  t r anspor t ing  t h e  
handl ing frame o r  do l ly ;  
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3) C o l l i s i o n  of o t h e r  v e h i c l e s  wi th  t h e  unprotected subpanels;  

4) Defects  i n  the  GSE such as omission of suppor t  pads and out-of- 
t o l e rance  cond i t ions ;  

5) F a i l u r e  t o  use  clamps and o t h e r  p i eces  of equipment properly.  

8.3 RELIMILITY PREDICTION 

RQRiabXCLy phediC;tioM cdcuRdom ind icake  khat an adequate d u i g n  
concept h a  been achieved. 

The e f f e c t s  of s o l a r  c e l l  random f a i l u r e s  on a r r a y  performance are 
covered i n  a s e p a r a t e  book, Boeing Document D2-114070-1, Ef fec ts  of 
Random Solar Cell  Failures on a Large Area Solar Array. It has  been 
shown t h a t  t h e  maximum p o s s i b l e  power loss t o  an  a r r a y  should be less 
than  1.5% wi th  an es t imated  p r o b a b i l i t y  of 0.999968+. (Note: These 
d a t a  are obviously n o t  app l i cab le  wi th  ohmic con tac t  d e t e r i o r a t i o n  as 
noted during Phase 11. It has been assumed t h a t  t h i s  problem w i l l  be  
reso lved . )  

I n  t h i s  document, t h e  s ta t is t ics  f o r  s i n g l e  cel l ,  group, module, and 
h igher  assemblies  have been developed and combined wi th  e lec t r ica l  d a t a  
on the  e f f e c t s  of s i n g l e  o r  mul t ip l e  cel l  f a i l u r e s  wi th in  a group. 
P rec i se  mathematical  models and c a l c u l a t i o n  procedures developed i n  
D2-114070-1 w i l l  permit  f u t u r e  ana lyses  and comparisons t o  be performed 
quickly and accu ra t e ly .  

R e l i a b i l i t y  p r e d i c t i o n s  f o r  t h e  electrical power subsystems and t h e  
mechanism subsystems, inc luding  boos t  tiedown release and deployment, 
are def ined  i n  Boeing Document D2-114080-1, Rel iabi l i ty  Prediction 
Calculations, Large Area Solar Array. The e l e c t r i c a l  subsystems have 
been shown t o  be r e l a t i v e l y  f r e e  of c r i t i c a l  f a i l u r e  modes. 
r e l i a b i l i t y  of t he  100-volt a r r a y  subsystem i s  p red ic t ed  as 0.99952. 
The r e l i a b i l i t y  of t h e  28-volt a r r a y  subsystem is 0.99984. I n  both 
cases, t h e  p red ic t ed  r e l i a b i l i t y  w a s  determined by t h e  p r o b a b i l i t y  of 
f a i l u r e  of c r i t i ca l  crossovers  i n  the  t ransmiss ion  system. Other 
f a i l u r e s ,  inc luding  open end s h o r t  c i r c u i t s  w i t h i n  modules, w e r e  found 
t o  cause nothing more s e r i o u s  than  a s m a l l  power loss .  I n  t h e  absence 
of def ined mission c r i te r ia ,  an a r b i t r a r y  dec is ion  w a s  made t o  c l a s s i f y  
as c r i t i c a l  only those  f a i l u r e s  t h a t  caused more than a 5% power l o s s .  

The 

The o v e r a l l  mechanism subsystem r e l i a b i l i t y  of 0.988942 inc ludes  a 
r e l i a b i l i t y  of 0.99002 f o r  t h e  boos t  tiedown release, and 0.998912 f o r  
t he  deployment sequence. 
t he  mechanisms subsystems are e s s e n t i a l l y  s ing le- thread  systems. The 
f a i l u r e  of any of t h e  24 c e n t e r - t i e  releases o r  t h e  main corner  l a t c h  
releases a t  S t a t i o n s  123.7 and 169.9 could r e s u l t  i n  release f a i l u r e .  
S imi l a r ly ,  a sequence of events  must be  success fu l ly  completed on a l l  
four  pane l  assemblies  t o  ensure  success fu l  deployment of 100% of t h e  
a r ray .  Continued a t t e n t i o n  t o  d e t a i l s  i n  the  mechanism w i l l  be  necessary 
during test and checkout a c t i v i t i e s .  

I n  c o n t r a s t  t o  t h e  e lec t r ica l  power subsystem, 
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The a v a i l a b l e  d a t a  are inadequate t o  make q u a n t i t a t i v e  p r e d i c t i o n s  of 
s t r u c t u r a l  subsystem r e l i a b i l i t y  f o r  LASA. Document D2-114080-1 inc ludes  
a b r i e f  q u a l i t a t i v e  d i scuss ion  of t h e  s t r u c t u r a l  subsystem. I n  gene ra l ,  
t h e  test d a t a  have been encouraging; however, t h e r e  are n o t  enough d a t a  
y e t  a v a i l a b l e  t o  a t tempt  a proper s ta t i s t ica l  approach t o  s t r eng then  
a l lowables  de te rmina t ion .  

8.4 PRODUCT SAFETY 

Adequate phovin iom huve been made doh phoduct 6adeAy and ntlnge cladeAy. 

A review of the requirements of AFETRM 127-1 showed t h a t  any system 
inc luding  exp los ive  devices  would r e q u i r e  a f i n a l  i n t e r p r e t a t i o n  and 
approval  by range s a f e t y  personnel.  The review a l s o  confirmed t h a t  t h e  
LASA des ign  should b e  capable of q u a l i f i c a t i o n  pe r  AFETRM 127-1 c r i t e r i a .  
The p in-pul le r  des ign  has  been q u a l i f i e d  and used on Lunar O r b i t e r  as 
a Category B device.  Off-the-shelf cab le  c u t t e r s  w i l l  be  used and 
s u p p l i e r  q u a l i f i c a t i o n s  checked out .  The f i r i n g  c i r c u i t s  have been 
designed by following accepted p r a c t i c e s  f o r  aerospace systems. 

I n  a c t u a l  p r a c t i c e ,  product s a f e t y  has been demonstrated by an absence 
of major damage t o  f i n i s h e d  test art icles t h a t  have been handled i n  
s e v e r a l  p l a n t  areas. There has  been some damage t o  bery l l ium d e t a i l  
p a r t s ,  and t h i s  has r e s u l t e d  i n  increased  e f f o r t  by shop management 
and personnel  t o  improve shop a t t i t u d e s  and c o n t r o l s .  

Handling frames and o t h e r  ground suppor t  equipment are designed t o  
prevent  damage t o  completed panels .  
s p e c i f i e d  f o r  such equipment, and padded contac t  s u r f a c e s  and protec- 
t ive  covers are used. These measures are t h e  r e s u l t  of GSE des ign  
po l i cy ,  inc luding  sys t ema t i c  des ign  reviews and a documented f a i l u r e  
mode and e f f e c t  a n a l y s i s .  

Def l ec t ion  l i m i t s  have been 

8.5 MAINTAINABILITY/REPAIRABILITY 

LimLted hepcLina6Uy hccn been demovu;trraked by kem2 and by actual 
h c ? p u  treqdhed Ao SCS-33, SCS-35, SCS-37, and MTA-7. 

Laboratory eva lua t ion  of r e p a i r a b i l i t y  involv ing  c e l l  replacement and 
in t e rconnec to r  r e p a i r s  w a s  accomplished under t h e  SCC-8 and SCC-10 tests. 

I n  a d d i t i o n  t o  t h e  l abora to ry  eva lua t ion ,  p r a c t i c a l  r e p a i r  experience 
has  been gained. Necessary r e p a i r s  t o  t h e  SCS-35, SCS-37, SCS-43, and 
MTA-1 test a r t i c l e s  were perfom,ed i n  working shops. 
accomplished o u t s i d e  of t h e  engineer ing  l abora to ry  environment, and 
those  on SCS-43 and MTA-1 w e r e  documented on formal i n t e g r a t e d  record 
system (IRS) paper.  

Repairs have been 
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It should be noted t h a t  r e p a i r s  w e r e  success fu l :  test ar t ic les  showed 
no evidence of repair  f a i l u r e ;  however, t h i s  does not  conclus ive ly  
prove t h e  adequacy of t h e  r e p a i r  techniques used. I n  p a r t i c u l a r ,  t h e  
a b i l i t y  of r e p a i r  c leaning  procedures t o  remove a l l  poss ib l e  su r face  
contaminants t o  a s s u r e  c o n s i s t e n t  bonding has n o t  y e t  been proved. 

8 . 6  SIGNIFICANT PROGRAM DEVELOPMENTS 

The fol lowing i t e m s  are considered s i g n i f i c a n t  t o  o v e r a l l  a r r a y  
r e l i a b i l i t y  and performance: 

EPON 934 Adhesive---The e l imina t ion  of EPON 934 adhesive reduced t h e  
r i s k  of bond f a i l u r e s  a s soc ia t ed  wi th  t h e  pee l ing  f a i l u r e  mode of t h i s  
r e l a t i v e l y  b r i t t l e  adhesive.  

Flat Bus Bars---The use  of f l a t  bus ba r s  bonded t o  t h e  s t r u c t u r e  
e l imina ted  t h e  r i s k  of secondary o r  "nuisance" f a i l u r e  modes a s soc ia t ed  
wi th  t h e  i n i t i a l  wire-bundle-and-clamp concept. The i n s u l a t i o n  and 
adhesive bonding combination used has  a l s o  r e s u l t e d  i n  e f f e c t i v e  
redundant i n s u l a t i o n .  

nJisted Wire Crossovers---The use  of f l e x i b l e  w i r e  crossovers  appears 
t o  o f f e r  reduced r i s k  of vibrat ion-induced f a i l u r e s  and a l s o  reduces 
t h e  torque appl ied  about t h e  hinge cen te r s  by t h e  crossovers ,  thus  
o f f e r i n g  less i n t e r f e r e n c e  wi th  mechanisms during deployment. 

Overcenter Latches---The use  of overcenter  l a t c h e s  avoided t h e  r i s k  of 
misalignment and f a i l u r e  t o  engage a s soc ia t ed  wi th  t h e  previous bayonet 
l a t c h  concept.  

Substrate Bonded Intersect ions---The dec is ion  t o  r e t a i n  bonded t a p e  
i n t e r s e c t i o n s  reduces t h e  r i s k  of ce l l  bond sepa ra t ion  o r  c e l l  damage 
t h a t  might r e s u l t  from l o c a l i z e d  r e l a t i v e  motion a t  unbonded t ape  
i n t e r s e c t i o n s .  

C e l l  Dimensional Control  ami? Separa t ion  Gaps---Because c e l l  l engths  and 
widths tended t o  t h e  high s i d e  of s p e c i f i c a t i o n  to l e rances ,  c a r e f u l  
a t t e n t i o n  t o  dimensional c o n t r o l  of s epa ra t ion  gaps w a s  necessary.  I t  
is  r,ecommended t h a t  any s ta t i s t ica l  t reatment  of cumulative to l e rances  
be  based on a c t u a l  measurements taken from an adequate sample. 
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9.0 WEIGHT STATUS SUMMARY 

The a r r a y  weight based on t h e  Phase I des ign  of t h e  f e a s i b i l i t y  model 
has increased  12.7% over  t h e  weight repor ted  i n  the  f i n a l  r e p o r t  of 
t h e  f e a s i b i l i t y  s tudy.  The number of mounted s o l a r  cells has  increased  
i n  t h i s  per iod  by 3.8%. 
d i r e c t l y  p ropor t iona l  t o  t h e  number of cells ,  t h e  e f f e c t i v e  weight 
i nc rease  is 8.6% on a pounds-per-watt b a s i s .  

Assuming t h a t  t h e  a r r a y  output  power is  

C e l l  module weights i n  F igure  9-1 inc lude  cells ,  coverg lasses ,  i n t e r -  
connectors ,  and s o l d e r .  Determination of a c t u a l  weights of cells and 
cover g l a s s e s  between the  f e a s i b i l i t y  s tudy f i n a l  r e p o r t  and the  f i r s t  
q u a r t e r l y  r e p o r t  r e s u l t e d  i n  a s l i g h t  weight i nc rease .  Connector and 
s o l d e r  weight w a s  reduced i n  the  t h i r d  q u a r t e r l y  r e p o r t ,  based on 
a c t u a l  weights  and test  r e s u l t s .  

S t r u c t u r e  weights  i nc lude  s u b s t r a t e ,  frame members, j o i n t  d e t a i l s ,  and 
shear  t i es .  There have been t h r e e  major weight increases :  The f i r s t  
w a s  t h e  a d d i t i o n  of a d iagonal  brace .  The second w a s  caused by stress 
and dynamic a n a l y s i s  of b a s i c  members. The t h i r d  inc rease  r e f l e c t s  t he  
change of shea r  c l i p s  and gusse t s  from bery l l ium t o  t i t an ium a t  a l l  
j o i n t s  and a l s o  r e f l e c t s  t h e  f i n a l i z e d  shea r  t i e  design.  

Mechanisms incu r red  a major weight i nc rease  due t o  t h e  development of 
a s a t i s f a c t o r y  boos t  tiedown system design.  

Bus weight decreased because of bus s i m p l i f i c a t i o n  and t h e  use  of 
l igh tweight  diodes a 

Adhesives and TCC weight inc ludes  coverglass  and ce l l - to - subs t r a t e  
adhesives  and thermal c o n t r o l  coa t ing  weights .  The major change has  
been a reduct ion  i n  thermal c o n t r o l  coa t ing  weight.  This reduct ion  w a s  
based on e l imina t ion  of thermal c o n t r o l  coa t ing  on t h e  space s i d e  of 
t h e  s u b s t r a t e  on a l l  panels  except  5A and t h e  use  of RTV-40 as the  
primary thermal c o n t r o l  coa t ing  material .  

The weight s t a t u s  f o r  t h e  f i n a l  r e p o r t  i s  summarized i n  Table 9-1. 

Table 9-2 shows t h e  weight s t a t u s  of t h e  MTA-1 frame assembly, based 
on d e t a i l e d  p a r t s  weights and ca l cu la t ed  weights.  The weight d i f f e rence  
between a c t u a l  and t h e  ca l cu la t ed  is pr imar i ly  i n  t h e  weight of t h e  
t i t an ium weldments. 
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Table 9-1: WEIGHTS 

C e l l  S tack ,  S u b s t r a t e  , 
and Thermal Coating 

Coverglasses 
Coverglass adhesive 
C e l l s  
Connectors 
Solder  
Subs t r a t e  adhesive 
Subs t r a t e  
Thermal coa t ing  

S t r u c t u r e  

Panel  1 (without  s u b s t r a t e )  
Panel  2B 

2M 
2A 
3 B  
3 M  
3 A  
4B 
4M 
4A 
5B 
5M 
5A 

Mechanisms 

Main h inges  and l a t c h e s  
Auxi l ia ry  h inges ,  l a t c h e s  , and dampers 
Quadrants and sequencers 
S t r u t  assemblies  
So la r  c u r t a i n s  
Boost tiedown sys  t e m  
Cable, d r i v e ,  and miscel laneous 

Electr ical  Connections 

Busses and diodes 
P i g t a i l s  and connectors 
Squib wir ing  
Terminals and crossover  busses  

Weight (pounds) 
(838.50) 

160.11 
18.44 

392.07 (362.1 spec  max) 
56.36 

3.68 
63.20 
67.12 
77.52 

(949.24) 

214.50 
80.26 
74.97 
66.58 
59.00 
63.28 
59.32 
59.08 
59.80 
60.30 
46.48 
48.72 
56.95 

(242.0) 

22.9 
50.9 
30.3 
14.5 
13.2 
71.0 
39.1 

(123.0) 

81.6 
12.8 

3.7 
25.2 

2,152 (2,122 based on 
maximum spec.  
weight f o r  c e l l s )  
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10.0 SUMMARY OF S P E C I F I C  PERFORMANCE 

10.1 SUMMARY OF CRITICAL. SAFETY MARGINS 

The o v Q h d  mm5in 0 6  sadcty h poaiXLve. 

Cri t ica l  margins of s a f e t y  are summarized below: 

S t r u c t u r a l  
Category Cri t ical  Areas 

Subpanel 1 Outboard s p a r  
members Diagonal b race  

Subpanel 1 Outboard s p a r  
j o i n t s  t o  lower edge 

member (S ta  10.5) 

Sub p ane Is 
2-5 
members 

Boost tie- 
down and 
release 
s y s  t e m  

Deployment 
hinges 

Diagonal 
s t r u t  

Outboard s p a r  t o  
la teral  s p a r  
(S ta  123.7) 

Subpanel 2B 
outboard s p a r  
Subpanel 2M 
outboard s p a r  
Subpanel 2B 
c e n t e r  s p a r  
Subpanel 3B 
c e n t e r  s p a r  
Subpanels 2-5 
lateral  s p a r  

Subpanels 
2B-3A bottcm 
edge 
Subpanel 5A 
bottom edge 
Subpanel 2B 
upper edge 

Tiedown cable  
assembly a t  
S t a  123 .7  

Latch l i n k  
(Compression) 

Column 
compression 

Margin of 
Sa fe ty  

0.0 
0.0 

0.5 

0.00 

0.003 

0.09 

0.05 

0.04 
0.009 

t o  
0.06 
0.003 

t o  
0.09 

0.06 

0.04 

0.15 

0.17 

0.01 
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Cr i t i ca l  Condition 

In-plane panel  v i b r a t i o n  
Combined axial  and bending 
stress 

In-plane panel  v i b r a t i o n  
combined a x i a l  and bend- 
i n g  stress (Note: J o i n t  
f a c t o r  of s a f e t y  of 1.15 
is included)  

Beryll ium members c r i t i c a l  
f o r  boos t  s i n u s o i d a l  
v i b r a t i o n  environment; 
stresses due t o  combined 
bending and a x i a l  i n t e r n a l  
loads 

Preload and boos t  v i b r a t i o n  

Trans ien t  loads during 
l a t ch ing  

Trans ien t  loads during 
l a t c h i n g  
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10.2 POWER-TO-WEIGHT RATIO 

The t o t a l  a r r a y  weight has been increased  from 1,932 t o  2,152 pounds. 
Based on J P L  s p e c i f i c a t i o n s ,  power output  c a l c u l a t i o n s  are based on an 
output  of 10 w a t t s  pe r  squa re  f o o t  a t  AM0 and 55°C.  The  t o t a l  a c t i v e  
area of t h e  a r r a y  is 4,590 square  f e e t .  Accordingly, t h e  t o t a l  power 
output  is  45,900 w a t t s ,  and t h e  power-to-weight r a t i o  i s  45,900/ 
2,152 = 21.4 w a t t s  p e r  pound. 
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11.4 SYMBOLS, TERMS, AND DEFINITIONS 

LASA 

GSE 

SPAT 

PADM 

s cs 

s cc 

S CE 

S CM 

MTA 

Electric Power 

Load, Electr ical  

Voltage Range 

L i m i t  Loads 

L i m i t  Design Loads 

U l t i m a t e  Design 
Load 

Large A r e a  So la r  Array 

Ground Support Equipment 

Stowed Panel  Assembly Transpor te r  

Panel  Assembly Deployment Model 

Small Component T e s t  Art ic le---Structures  

Small Component T e s t  A r t i c l e - - - C e l l s  

S m a l l  Component T e s t  Article---Electrical 

Small Component T e s t  Article---Mechanisms 

Major T e s t  A r t i c l e  

Spacecraf t  prime electrical  pow'er is provided by 
one o r  more two-wire, ungrounded systems. Power 
i s  suppl ied  by s o l a r  cel ls  and is  a v a i l a b l e  as 
unregulated d i r e c t  cu r ren t  a t  s p e c i f i e d  vo l t ages .  

Any component o r  subsystem t h a t  uses  electric 
power and i s  normally operated as a u n i t  i s  con- 
s ide red  t o  b e  a load.  

This expresses  t h e  upper and lower vo l t age  l i m i t s  
t h a t  w i l l  permit normal ope ra t ion  of load  equip- 
ment i n  a mission environment. 

L i m i t  loads r ep resen t  t h e  maximum loads t h e  
s t r u c t u r e  is  expected t o  experience under s p e c i f i e d  
condi t ions  of opera t ion ,  use ,  o r  tes t .  All loads 
and load f a c t o r s  used i n  t h i s  document are l i m i t  
loads  unless  otherwise noted.  

A l i m i t  design load is a l i m i t  load mul t ip l i ed  by 
t h e  appropr i a t e  hazard f a c t o r .  For t h e  test loads 
s p e c i f i e d  h e r e i n ,  t h e  hazard f a c t o r  i s  un i ty .  
The y i e l d  design load is i d e n t i c a l  t o  t h e  l i m i t  
design load.  

The u l t ima te  design load is t h e  l i m i t  design load 
mul t ip l i ed  by 1.25. 
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Allowable Load 

Bus Voltage 

Trans i en t s ,  
E l e c t r i c a l  

E l e c t r i c a l  Load 
P r o f i l e  

Source (Generation) 
Impedance 

Reverse Current  

Inrush  Current  

F a u l t  Current 

Ripple  

So la r  Array Con- 
f i g u r a t i o n  S o l a r  
Panel  (Assembly ) 

Sub pane 1 

Subpanel Unit 

The al lowable load f o r  a s t r u c t u r a l  element is  
t h a t  load a t  which f a i l u r e  is  imminent f o r  t h e  
y i e l d  o r  u l t i m a t e  condi t ion ,  as appropr i a t e .  

The bus vo l t age  is  measured a t  t h e  main e l e c t r i c a l  
bus te rmina ls .  
t h e  load  b u t  w i l l  always be w i t h i n  the  s p e c i f i c  
vo l t age  range. 

The measured va lue  w i l l  vary  wi th  

An electrical  t r a n s i e n t  i s  t h e  changing condi t ion  
of a c h a r a c t e r i s t i c  t h a t  goes beyond t h e  steady- 
state l i m i t s  and r e t u r n s  t o  t h e  s teady-s ta te  l i m i t s  
w i th in  10 mi l l i seconds .  

A c h a r t  o r  graph showing power demands (wat t s )  a t  
t h e  main e l e c t r i c a l  bus as a func t ion  of t i m e .  

The source impedance is a v a r i a b l e  t h a t  depends 
on s o l a r  i n t e n s i t y ,  temperature of the  s o l a r  cel ls ,  
and t h e  amount of e lectr ical  load. 

A condi t ion  where cu r ren t  f low reve r ses  d i r e c t i o n  
due t o  a h ighe r  generated vo l t age  from t h e  elec- 
t r i c a l  load.  Reverse cu r ren t  i s  def ined  as 
having a du ra t ion  of 10 mi l l i seconds  o r  more and 
i s  t h e r e f o r e  no t  considered a t r a n s i e n t  occurrence.  

Inrush  cu r ren t  is  cu r ren t  g r e a t e r  than normal 
ope ra t ing  cu r ren t  t h a t  may be caused by var ious  
condi t ions ,  bu t  i t  is  always a s soc ia t ed  with 
switching on an electrical  load.  

Fau l t  cu r ren t  is t h e  increment of cu r ren t  t h a t  
appears a t  the  genera tor  te rmina ls  and is  caused 
by a phys ica l  s h o r t - c i r c u i t  of t h e  power leads .  

Ripple  is t h e  a.c. v a r i a t i o n  of vo l t age  about a 
f ixed  d.c. vo l t age  during s teady-s ta te  d .c .  
e l e c t r i c a l  system opera t ion .  

Four So la r  Panels---A complete assembly f o r  one 
veh ic l e .  The l a r g e s t  element of t h e  s o l a r  array 
t h a t  a t t a c h e s  t o  t h e  spacec ra f t .  

A subpanel is  t h e  l a r g e s t  element of a s o l a r  pane l .  

A subpanel  u n i t  is a main subpanel and two 
a u x i l i a r y  subpanels 
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S o l a r  C e l l  Module A s o l a r  c e l l  module is the minimum group of s o l a r  
cel ls  t h a t  w i l l  independently produce t h e  e lec-  
t r i ca l  subsystem v o l t a g e  a t  t h e  output terminals 
of t h e  c e l l  group.. Modules w i l l  assume va r ious  
phys ica l  o u t l i n e s  as r equ i r ed  by t h e  conf igura t ion  
of t h e  s t r u c t u r a l  suppor t .  Electr ical  power 
output  w i l l  vary  wi th  t h e  number of s o l a r  cel ls  
used i n  t h e  module. 

S o l a r  C e l l  

a 

S u b s t r a t e  

Electr ical  Bus 

Bus Crossovers 

A s o l a r  c e l l  is t h e  smallest  e l e c t r i c a l  producing 
element of t h e  module. S i n g l e  c r y s t a l  s i l i c o n  
elements are u t i l i z e d .  

S u b s t r a t e  is  t h e  f i b e r g l a s s  t ape  matrix t h a t  
suppor t s  t h e  s o l a r  cel ls .  

Electr ical  buses are metall ic conductors t h a t  
provide e lectr ical  c o n t i n u i t y  between s o l a r  ce l l  
modules and between each s o l a r  pane l  assembly and 
t h e  s p a c e c r a f t  . 
Bus crossovers  are f l e x i b l e  o r  hinged buses t h a t  
provide e lec t r ica l  c o n t i n u i t y  ac ross  s o l a r  pane l ,  
subpanel,  o r  s o l a r  a r r a y  h inge  po in t s .  
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